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Abstract 
 
 This work consists of the development and validation of a new radar product based on 
Bragg scattering retrievals from clear air S-band radar returns, a re-conceptualization of the 
tropical marine boundary layer based on this new radar product, and supplemental analysis of 
other data from this environment. The running theme throughout is moisture variability—its 
presence, how it can be better detected, and how it should be portrayed in the tropical marine 
environment. Data examined include National Center for Atmospheric Research’s (NCAR’s) S-
band Dual Polarization (S-Pol) radar data, rawinsondes, dropsondes, and portable automated 
mesonet surface station (PAMS) data from the Rain in Cumulus over the Ocean (RICO) field 
campaign, along with satellite data which was partially coincident with these other data sets.   
 Dropsondes, released in 34 sets of ~6 per set, with each sonde released 5 min (30 km) 
apart around a 60 km diameter circle, demonstrated both the high moisture variability in the 
tropical marine boundary layer (TMBL) and the inadequacy of an individual sounding for 
characterizing its moisture field. Same altitude relative humidity (RH) measurements varied by 
as much as 70% (7-8 g kg
-1
) and the TMBL top altitude could vary by 2+ km across a single set. 
 Clear-air Bragg scattering layers (BSLs) were common during RICO. An algorithm was 
developed to determine the location of BSL base and top altitudes, which were used to generate 
time-height diagrams. These revealed long-lived coherent structure. A statistical comparison of 
BSL altitudes and RH profiles from the rawinsondes supported the hypothesis that BSL tops are 
found near altitudes associated with RH minima and BSL bases near altitudes of RH maxima.  
 Mechanisms for BSL formation/maintenance were discussed. On average 4-5 BSLs were 
detected (including the transition layer), and each BSL as well as the “clear” layers separating 
them had median depths of 350 m. Both BSLs and clear layers tended to be deeper on days with 
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higher rain rates, and more (fewer) layers tended to be present when surface winds were more 
southerly (northerly). BSL statistics serve as the basis for a revised conceptual model of the 
TMBL, which contains 2-3 more layers of enhanced static stability, layered structure to the 
moisture variability and extends more than a km higher than the previous conceptual model. 
When compared, the distribution curves as functions of altitude for 1) BSL tops and 2) satellite 
derived cloud top heights had a correlation coefficient of 0.92, lending satellite support to the 
radar portrayal of the TMBL. 
 Frequency by altitude diagrams (FADs) of rawinsonde data showed that the TMBL was 
sufficiently turbulent to support the Bragg scattering. RH gradients across 350 m intervals ranged 
from changes of greater than 95% to less than -60%, and all values of RH had a nearly equal 
probability of occurrence between 2 and 4 km. There were no preferred heights for temperature 
inversions, with inversions found across both 50 m and 350 m intervals for all altitudes above 1.2 
km. The FAD of equivalent potential temperature indicated that the air modified by the ocean 
typically extended up to 4 km. Disturbed days (e.g., those with rain rates  > 2 mm day
-1
) tended 
to be moister—with the moisture extending higher, than undisturbed days. The disturbed days 
also tended to be cooler between 2 and 4.5 km and have less northerly winds in the lowest 4 km.  
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to my son, Derrick…. 
 
 
 
A Mother’s Advice 
 
 
You can let the river carry you, 
Or make the river bend. 
You can accept things as they’re given you, 
Or turn them to your end. 
You can let Fate’s whims control you, 
Or you can take control. 
You can let fatigue deplete you, 
Or continue the forward roll. 
You can let your fears consume you, 
Or face them down, in turn. 
You can allow mistakes to destroy you, 
Or continue to grow and learn. 
 
Wisdom won’t spring from easy choices. 
One’s experience comes at cost. 
But in choosing how to live your life, 
You’ll gain more than is lost. 
 
For the people we admire most 
Have faced life’s hardships too. 
So live as an example to others. 
Choose as you hope your children do. 
 
 
 
 
 
to my husband, Doug….. 
Remember, dear. It’s now Mr. and Dr. Davison!   
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CHAPTER 1.   INTRODUCTION 
 
 Despite the seeming innocuity of the trade wind environment, it covers a large portion of 
the globe.  It plays a significant role in global water, radiation, and energy budgets. It is relevant 
for the El Niño/Southern Oscillation and the Madden-Julian Oscillation. It is the environment 
through which tropical cyclones move. It also serves as a test-bed environment for improving 
Large Eddy Simulation (LES) modeling endeavors and for developing parameterizations to scale 
up to larger models. The structure of the tropical marine boundary layer (TMBL) needs to be 
well understood. 
 Water vapor measurements are difficult to obtain in both high spatial and temporal 
resolution. Measurements are even more difficult to make over the ocean. Soundings, from both 
aircraft and rawinsondes, have made up the bulk of the data sets used create a conceptual model 
of the trade wind environment (Malkus 1958, Augstein et al. 1973, Stevens et al. 2001, Siebesma 
et al. 2003, vanZanten et al. 2011). Rawinsondes are generally launched every 4-6 hours during 
field campaigns, sometimes at multiple widely-spaced locations, and individual soundings are 
often used to characterize the background state of the environment. Aircraft soundings are often 
produced by averaging measurements over long horizontal stretches for various altitudes and can 
be targeted, for example, toward non-cloudy air (e.g., Malkus 1958) or toward areas with 
particular cloud-field organizations (e.g., Sommeria and LeMone 1978). It is assumed that the 
environmental variability is small enough that the sounding profiles are representative of the 
background state over the spatial and temporal resolution at which they were taken (e.g., Lucas 
and Zipser 2000, Subrahamanyam et al. 2003, Ramana et al. 2004). Compared to rawinsondes, 
aircraft soundings (e.g. slowly ascending circular flight pattern, Malkus 1958) can yield more 
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plentiful data, but are subject to flight schedules, altitudes and patterns for frequency of 
measurement occurrence.  
 Water vapor profiles tend to vary greatly in individual soundings taken in the TMBL. 
Thus to develop a conceptual model, sounding water vapor profiles in the past have been 
averaged through various techniques to find the mean profiles for the undisturbed trade wind 
regime (e.g., Malkus 1958, Betts and Albrecht 1987, Kloesel and Albrecht 1989, Nuijens et al. 
2009). This conceptualization has become a metric for making data exclusion decisions—
separating “normal” data from exceptions. Furthermore this conceptualization influences how we 
interpret other data sets taken in the TMBL (e.g., Xu et al. 2008) and dominates how we model 
this environment (e.g., Stevens et al. 2001, Siebesma et al. 2003, Xue and Feingold, 2006, Wang 
& McFarquhar 2008, vanZanten et al. 2011, Bellon and Stevens 2012, Slawinska et al. 2012, 
Sušelj et al. 2012, Zhang et al. 2012).  
 The Rain in Cumulus over the Ocean (RICO) field campaign took place in the winter of 
2004-2005 near the Caribbean islands of Antigua and Barbuda (Rauber et al. 2007). Although 
there have been several past campaigns to study the TMBL (e.g., Bunker et al. 1949, Malkus 
1958, Nitta and Esbensen 1974), this campaign was the first with sufficient data resources and 
the necessary sampling strategies to capture both the highly variable nature of the moisture field 
and the overarching structure to it. Past works (e.g Betts and Albrecht 1987, Kloesel and 
Albrecht 1989, Mapes and Zuidema 1996, and Cao et al. 2007) have noted and discussed the 
issue of moisture variability, but without sufficient data to adequately resolve the TMBL 
structure. The resulting idealizations thus may not incorporate the inherent moisture variability 
of the TMBL. Works which examined moisture structure and variability within this environment 
often express the variability in terms of exceptions to the idealized model of the TMBL.  
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 This dissertation consists of three articles, two currently under review by the Journal of 
the Atmospheric Sciences, and one intended for journal submission. Chapter 2 explores Bragg 
scattering layers (BSLs) in the TMBL and their relationship to the vertical distribution of relative 
humidity (RH) and TMBL structure. BSLs were commonly observed in cloud free regions of the 
western Atlantic TMBL during RICO with the National Center for Atmospheric Research S-Pol 
radar. These BSLs were detected in both the equivalent radar reflectivity factor and spectral 
width fields. In this dissertation an algorithm is developed to derive the altitudes of the base and 
top of each BSL. Using these derived data, arguments are presented that demonstrate that the 
BSLs are a persistent, coherent feature of the TMBL that delineate aspects of its mesoscale 
structure. In this chapter, the hypothesis is tested that radar BSLs exist in layers with a top 
defined by a local RH minimum and a base defined by a local RH maximum. The goal is to 
establish a relationship between BSL boundaries and vertical RH profiles using the derived radar 
BSL boundary altitudes, 131 surface-based soundings, and 34 sets of ~6 near-coincident, 
aircraft-released dropsondes. The near-coincident dropsonde data will be used to quantify the 
fine-scale variability of the moisture field. Within the limits imposed by this fine-scale 
variability, the altitudes of the tops and bases of the radar BSLs will be examined to determine if 
they agree with the altitudes of RH minima and maxima, respectively. 
 Chapter 3 explores the statistical properties of the BSLs, both in general and as they 
relate to other meteorological parameters. Possible mechanisms for the formation and sustenance 
of BSLs are discussed. Based on the BSL statistical properties, a revised conceptual model of the 
TMBL is presented and is evaluated using satellite data. Differences between the old conceptual 
model and the revised version are examined, and implications of the revisions are discussed. 
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 Chapter 4 explores the variability in the thermodynamic properties measured with the 
surface-based soundings and how this variability fits with a revised conceptual model of the 
TMBL. Frequency by altitude diagrams (FADs) of both the individual variables and their 
gradients over 50, 100, and 350 m intervals are examined for the complete data set. FADs were 
also constructed to compare the thermodynamic properties of “disturbed” and “undisturbed” 
periods with one another, as well as with those from the complete data set. Two different 
methods of dividing days into disturbed and undisturbed categories were utilized—one based on 
the Global Energy and Water Cycle Experiment (GEWEX) Cloud Study System (GCSS) 
working group classification (vanZanten et al. 2011) and one based on radar derived rain rates 
(Snodgrass et al. 2009). Profiles used for model initialization by the GCSS working group to 
simulate the undisturbed period are compared with median profiles of the various 
thermodynamic variables and contrasted with the ranges of values detected. Given the high level 
of moisture variability in the TMBL, the limitations of using individual and composited 
soundings are discussed. 
 In Chapter 5, the overall conclusions of this study are presented. The overall goal of this 
dissertation is to establish a re-conceptualization of the TMBL, with the hopes that better 
incorporation of moisture variability will lead to a truer understanding of the trade wind 
environment. 
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CHAPTER 2.  CHARACTERIZING THE EVOLUTION OF RELATIVE 
HUMIDITY LAYERS USING BRAGG SCATTERING FROM S-BAND RADAR 
 
1. Introduction 
The equilibrium structure of the tropical marine boundary layer (TMBL) and the role of 
shallow convection in TMBL energy and moisture budgets have been well established as a result 
of a half century of study using observations and theoretical, large eddy, and general circulation 
modeling [see pioneering work of Malkus (1958), seminal papers in the 1980s by Betts (e.g. 
Betts and Albrecht 1987, Betts and Ridgway 1988) and more recent reviews by Betts (1997), 
Siebesma (1998), Stevens (2005, 2006), Neggers et al. (2006), and Stevens and Brenguier 
(2008)]. As summarized by Stevens (2006) using recent observations from RICO (his Fig. 5) and 
Neggers et al. (2006, their Fig. 1), the trade wind boundary layer can be broadly characterized in 
terms of two distinct layers, a well mixed sub-cloud layer with an internal characteristic time 
scale for mixing on the order of 15 minutes, and a poorly mixed cumulus cloud layer with the 
time scale for mixing ranging from eight hours near cloud base to over a day at the trade wind 
inversion (Betts 1997). The TMBL is topped by a free tropospheric dry layer extending from the 
trade wind inversion to the tropopause. Within the TMBL, two thin layers mark the boundaries 
between the primary layers, one comprising the shallow cloud layer (assumed to correspond to 
the transition layer – the statically stable layer near the base of convective clouds in the tropics, 
e.g. Malkus 1958, Glickman 2000) and the other at the top of the taller trade-wind cumulus 
(often dubbed the inversion layer). Budget studies have shown that the TMBL mean state arises 
from a balance between surface heat and moisture fluxes, dry and moist convective transport, 
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radiation, large scale subsidence, and horizontal transport by the large scale flow (e.g., Riehl et 
al. 1951, Yanai et al. 1973, Nitta and Esbensen 1974).  
A key factor controlling the thermodynamic and dynamic state of the TMBL is the 
distribution of water vapor. Measurements of water vapor are integral to understanding both 
weather and climate processes. Water vapor is critical in determining when and where 
convection is initiated, how long clouds persist, storm intensity, and the amount and distribution 
of precipitation. Additionally, water vapor is a strong absorber of infrared radiation and is 
responsible for nearly 60% of the clear-sky greenhouse effect (Trenberth et al. 2007). According 
to Kim and Ramanathan (2008), water vapor accounts for two-thirds of the infrared radiation 
absorbed by the atmosphere under clear sky conditions. Lack of knowledge of the water vapor 
distribution at sufficient temporal and spatial resolution is one of the limiting factors in 
improving weather forecasts (e.g., Weckwerth et al. 2004; Roberts et al. 2008).  
The vertical distribution of water vapor has traditionally been measured with 
rawinsondes. Other instruments used to extract information about the moisture distribution 
include satellite imaging and sounding radiometers, Raman and differential absorption lidars, 
atmospheric emitted radiance interferometers, microwave radiometers, and aircraft flight-level 
data. Radar refractivity has recently been used to make measurements of near-surface moisture 
fields (e. g., Fabry et al. 1997, Roberts et al. 2008), and dual-wavelength radar observations can 
be used to produce estimated water vapor density profiles (e. g., Ellis and Vivekanandan 2010).  
Here we explore a new method of inferring information about the water vapor distribution in the 
atmosphere, specifically by using BSLs to determine inflections in the vertical profile of relative 
humidity within the TMBL. 
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This chapter examines the current conceptualization of TMBL structure in light of these 
new measurements. This work is based on analysis of recent radar and sounding observations 
from the Rain in Cumulus over the Ocean (RICO) field campaign (Rauber et al. 2007). This 
analysis was motivated by high resolution observations in which S-band scanning radar data, 
collected on the remote Caribbean island of Barbuda, revealed persistent rings of enhanced 
equivalent radar reflectivity factor and reduced spectral width in cloud free regions of the TMBL 
(Fig. 2.1a,b). The rings, a common feature throughout the two-month-long RICO observational 
period, were associated with layers in which significant Bragg scattering occurred (see radar 
geometry in Fig. 2.1c). This chapter explores the nature of these Bragg scattering layers (BSLs) 
and their relationship to the vertical distribution of relative humidity (RH), with the goal of 
providing a new diagnostic tool for characterizing the vertical distribution of water vapor. 
In this chapter, we present an algorithm to derive the altitudes of the base and top of each 
BSL. Using these derived data, we demonstrate that the BSLs are a persistent, coherent feature of 
the TMBL that delineate aspects of its mesoscale structure. Furthermore, we attempt to establish 
a relationship between BSL boundaries and vertical RH profiles using the derived radar BSL 
boundary altitudes and a large data set of surface-based soundings and aircraft-released 
dropsondes from RICO.  
In Chapter 3, we consider how cloud detrainment, turbulence, radiative processes, and 
large scale forcing may contribute to the formation and maintenance of the moisture layering 
indicated by the BSLs. We provide a statistical analysis of BSL characteristics and examine their 
behavioral trends as a function of rain rate and other surface meteorological variables. Based on 
these statistics, we provide a revised conceptual model of the tropical marine boundary layer for 
the trade wind environment.  In Chapter 4, we examine how the moisture variability evident 
 12 
 
from the BSL investigations in Chapters 2 and 3 influences the thermodynamic structure of the 
TMBL and how moisture variability impacts current conceptualizations of TMBL structure. 
2. Data sources 
Data from the National Center for Atmospheric Research (NCAR) S-band 10-cm 
wavelength, dual-polarization Doppler radar (S-Pol), deployed on Barbuda during RICO 
between 24 November 2004 and 24 January 2005, were used in this study (Fig 2.2). Table 2.1 
summarizes the characteristics of the radar during its RICO deployment. The radar used two 
different scan types: 1) the Plan Position Indicator (PPI) scan, which swept a sector less than 
360° (typically ~180°) at elevation angles ranging from 0.5° to 16.9° (e.g., Fig. 2.1a,b), and 2) 
the Surveillance (SUR) scan, which swept a 360° sector at 0.5. 
Vaisala RS92 rawinsondes were launched from Barbuda at either Spanish Point or the S-
Pol site (Fig. 2.2). Two to six rawinsondes were launched daily, depending on flight operations. 
The RS92 provides superior humidity data to previous versions due to pre-launch reconditioning 
and a heated twin-sensor design (Währn et al. 2004). Measurements were recorded at 1 Hz (~5 m 
intervals). Thirty-four sets of NCAR global positioning system (GPS) dropsondes were released 
over the Atlantic from the NCAR C-130 aircraft along 60 km diameter circles centered ~65 km 
NE of the radar site (Fig. 2.2). A typical set consisted of 6 dropsondes released within 30 min 
from an altitude of 4.6 km in an evenly spaced pattern along a circle, with 2 sets taken for most 
research flights. The dropsondes used the Vaisala RS90 pressure/temperature/ humidity sensor 
module (RSS903) and the GPS receiver module (GPS111). The final RICO quality controlled 
sounding data set used in this analysis consisted of 131 rawinsondes and 196 dropsondes. 
3. Background 
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Radar echoes arise from both Bragg scattering associated with the turbulent mixing of air 
with different indices of refraction and Rayleigh scattering from hydrometeors (e.g., Knight and 
Miller 1993). Bragg scattering occurs when air parcels with different moisture and/or 
temperature characteristics are turbulently mixed, producing index of refraction gradients at half 
the wavelength of the radar (e.g., Doviak and Zrnić 1984). According to theory, fine gradients 
with dimensions within the inertial subrange arise because the turbulent energy cascade happens 
much more quickly—by several orders of magnitude—than thermal and moisture diffusion (e.g., 
Tatarski 1961).  
The use of S-band radar to investigate clear air structure using Bragg scattering was first 
explored in the mid 1900s (Ottersten 1969 and references therein). These studies showed that 
scattering layers were common in clear air using 10-cm or longer wavelength radars. Layers 
were noted at thicknesses from tens to a few hundred meters, with as many as ten layers 
appearing in a single radar scan below 6 km altitude. Ottersten (1969) labeled the layers as 
“turbulent structures in the stable regime,” and linked them to regions of increased static 
stability. He noted that when significant water vapor gradients were present, only a minimal 
amount of turbulence was necessary to produce radar echoes. Many of these early measurements 
were made at either Wallops Island, VA or Aberystwyth, Wales and thus were characteristic of 
marine environments. 
A series of papers by Gossard et al. (1982, 1984a, 1984b, 1985) examined turbulent 
structures detected by S-band radar in thermally stable regions. Gossard et al. (1984b, 1985) 
examined tower data from Boulder Atmospheric Observatory in conjunction with FM-CW (10 
cm) radar and acoustic sounder data. Their findings clearly showed BSLs coinciding with 
temperature inversions. The inversions in their study showed a high negative correlation to water 
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vapor mixing ratio. In a review article, Chadwick and Gossard (1986) noted that 10-cm and 
longer wavelength radars have the capability of identifying the mixed layer top in a turbulent 
boundary layer. Heinselman et al. (2009) exploited this idea to identify the elevation of the 
mixed layer top in Oklahoma.  
It is evident from these studies that BSLs can develop as a result of the interaction 
between turbulence, the water vapor distribution, and the atmosphere’s vertical thermal structure. 
In Chapter 3, we explore the nature of these interactions within the TMBL. One implication of 
these previous studies is that Bragg scattering returns in clear air from S-band radar may provide 
a way to track humidity layers within and above the boundary layer.  Here, we limit our focus to 
this issue—the relationship between BSL boundaries and the vertical RH profiles. 
The justification for relating BSL boundaries to RH profiles is rooted in the relationship 
of both radio refractivity and RH to temperature and vapor pressure.  Radio refractivity (N), 
which is related to the index of refraction (n), is given by:  
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nN  , (2) 
where P is the pressure (mb), T is the temperature (K), and e is the vapor pressure (mb) (e.g., 
Bean & Dutton 1968). Contours of constant N as a function of T and e are shown at various 
pressure levels in Fig. 2.3. Overlaid are curves of constant RH. These plots demonstrate the good 
agreement of N and RH slopes at low temperatures and vapor pressures. At higher temperatures 
and vapor pressures, despite poorer slope agreement, N and RH slopes are still generally in the 
same direction. Thus the index of refraction can be used as a proxy for RH whenever strong 
gradients in N are present. All RICO rawinsonde values at the various pressure levels are 
provided for reference. Note that N is more strongly dependent upon moisture than upon 
temperature for values typical of the TMBL above the mixed layer (Fig. 2.3 and Knight and 
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Miller 1993). We therefore can expect that vertical gradients in N will generally correspond to 
vertical gradients in RH. 
4. Detection of BSLs  
The transition region from Bragg scattering to Rayleigh scattering for S-band equivalent 
radar reflectivity factor is near 5 dBZ (e.g., Knight & Miller 1998; Snodgrass et al. 2009). 
However, according to Knight and Miller (1993), Bragg scattered returns of up to 10 dBZ have 
been noted using S-band radar. Because Bragg scattering returns were the phenomena of interest, 
range gates with equivalent reflectivity factor >10 dBZ were excluded to eliminate precipitation 
contamination (Knight and Miller 1993). The clouds and BSLs could not be entirely decoupled, 
however, because detrained cloudy air provides 1) a new moisture source for the continued 
generation of N gradients and 2) some larger drops capable of producing Rayleigh scattering 
outside of the cloud (at least temporarily). Above the transition layer, most equivalent radar 
reflectivity factor values <10 dBZ generally coincided with the BSLs.  Within BSLs, most values 
were between -5 and -15 dBZ (Snodgrass et al. 2009, their Fig. 11). The vast majority of clouds 
that have the potential to clutter the BSLs are typically confined beneath the top of the transition 
layer, nominally within the lowest kilometer above sea level (Zhao and Di Girolamo 2007). 
During RICO, the BSLs appeared in both the equivalent radar reflectivity factor and spectral 
width fields, but were more sharply defined by the spectral width (Fig. 2.1. a,b). Spectral width 
values within the BSLs (which had coherent power returns) were typically less than 6 m s
-1
, 
while layers with no coherent power returns to the radar (i.e., largely echo-free regions/noise) 
had spectral width values of ~10 m s
-1
. In the analyses that follow, spectral width was chosen as 
the variable on which the calculations were performed. 
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In order to estimate the altitudes of BSL bases and tops, an algorithm based on the Haar 
wavelet was employed (e.g., Kumar and Foufoula-Georgiou 1997). The Haar wavelet is 
especially advantageous for analyzing signals with sharp transitions, such as the boundaries of a 
BSL. The Haar wavelet analysis was carried out on each beam of data in every PPI scan at 
elevation angles ≥ 5º for the entire RICO project. For this analysis, the Haar father and mother 
wavelets, Wf and Wm, respectively, are given by:  
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(2b) 
where a is the dilation or scale parameter, b is the translation, and n is the number of points in the 
data set f(r), where f(r) is the set of spectral width values along one beam of radar data and r is 
the range gate number. Unlike other wavelets, the first iteration of the Haar father (mother) 
wavelet is proportional to the averages (first derivatives or slopes) of adjacent paired points in 
f(r) when using a = 2 data points. Referring to Fig. 2.4a, four successive iterations of Wf were 
performed starting with the original data. A single iteration of Wm was performed on both the 
third and fourth Wf, yielding Wm4 and Wm5, the fourth and fifth mother wavelets, respectively (the 
reason for calculation of both Wm4 and Wm5 is discussed below in Sec. 5). This set of calculations 
for Wm4 (Wm5) was repeated 16 (32) times starting from the original data (e.g., Fig. 2.5a,b), 
except that the jth calculation started with range gate j along f(r) (Fig. 2.4b). The union of the 16 
Wm4 results produced g4(r), a new scaled, smoothed, and shortened version of the first derivatives 
of the original data (e.g., Figs. 2.4b and 2.5c). Likewise, the union of the 32 Wm5 results 
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produced g5(r). The g4(r) and g5(r) data were then truncated at 528 and 512 data points, 
respectively. These correspond to radar ranges of 80.3 and 79.1 km. At an elevation angle of 5º, 
these ranges correspond to beam altitudes of 7.4 and 7.3 km.  
The final g4(r) for all beams in a PPI scan were averaged together to produce  rg4  (Fig. 
2.5d). Similarly, the final g5(r) were averaged together to produce  rg5 . Extrema in each g(r) 
are located at the inflection points in f(r), which correspond to the tops and bases of BSLs 
sampled by a single radar beam. Therefore extrema in  rg  represent the average locations of the 
BSL bases and tops for a given radar scan. Extrema were identified as any maximum or 
minimum in  rg  that exceeded a threshold of 0.075 (0.50) m s-1 for Wm4 (Wm5) (e.g., blue and 
red lines in Fig. 2.5). These thresholds were determined by experimentation to visually match the 
ring pattern in the original data. Once the extrema were found, their elevations were plotted as a 
function of time (see Fig. 2.6-2.8). The results from all elevation angles ≥ 5º were superimposed 
on the figures to provide multiple independent estimates of the temporal structure of the BSLs. 
5. Temporal layer structure 
A spatially and temporally independent estimate of each BSL upper and lower boundary 
was generated for each elevation angle scanned. These estimates can be combined into a time 
series (Fig. 2.6-2.8). The close agreement between edge elevations found from scans with 
different elevation angles indicates a relatively homogeneous and distinct boundary between 
atmospheric layers within the radar domain. One significant revelation of such plots is the long 
lived nature of the BSLs in the RICO environment.  
Many characteristics of the TMBL can be determined using such plots. In Fig. 2.6c, as 
many as five BSLs can be observed above the transition layer at a given time, and the lifetime of 
most exceeds 10 hrs. The top of the transition layer (denoted by red dots capping the blue shaded 
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region) is seen to increase in altitude throughout the day. The BSL associated with the top of the 
TMBL at the onset is seen to subside and/or slope downward beginning just prior to 0400 UTC. 
Around 0500 UTC, it is replaced as the TMBL top when two new BSLs either develop or advect 
into the radar domain. The BSL sandwiched between them appears to become compressed, to the 
point where it is no longer detectable at 0800 UTC. The lower BSL begins to thin shortly 
afterward. The compressed BSL becomes detectable again at 0900 UTC and appears to expand, 
perhaps caused by an influx of moisture into it from cloud detrainment somewhere upwind. Just 
after 2100 UTC, the two BSLs just above the transition layer top appear to merge. At 2200 UTC 
a new BSL either develops or advects into the radar domain just below the merged one and 
appears to displace the merged BSL upward as it emerges.  
The time-height plots shown have combined results from Wm4 and Wm5 (ref. Fig. 2.6 a-c). 
The number of wavelet iterations determines the degree of smoothing, and thus, the degree to 
which weak transitions will be retained in the analysis. Experiments with the iterations showed 
that Wm4 could detect many thinner BSLs not seen in the Wm5 results, although the Wm5 results 
were significantly less noisy. For this reason, we chose to use both the Wm4 and Wm5 estimates to 
achieve the best possible depiction of where the BSLs were located. 
As with any averaging procedure, inhomogeneities in the environment can lead to 
obscure results that require examination of the original or supplementary data for correct 
interpretation. For example, in Fig. 2.7 after 1900 UTC and near 3000 m, two BSLs appear to 
overlap. Looking back at the original radar scans, we can see that this is due to asymmetry in the 
ring patterns of the two outermost BSLs (Fig. 2.9). Conversely, the partial ring seen nearer the 
center of the radar cone in Fig. 2.9 is clearly detected in Fig. 2.7 just below 1500 m. Unlike Fig. 
2.6, the day portrayed in Fig. 2.7 is more characterized by the ascent of the TMBL rather than 
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descent. The TMBL top has its minimum altitude near 2600 m around 1 UTC and grows to 
roughly 4 km near sunrise. This day is distinguished by many rapid transitions in altitude of thin, 
sharply defined BSLs. Interspersed are times of significant cloud clutter affecting some portion 
of the radar domain. In contrast to Figs. 2.6 and 2.7, Fig. 2.8 shows a day with a very deep 
TMBL (4.5 km). Both the top of the TMBL and the individual BSLs maintain their altitudes and 
do not vary much over the course of this day. 
6. Relationship of the BSLs to Relative humidity 
Bragg scattering is related to mixing in regions with strong gradients of the index of refraction. 
Here we are concerned only with the gradients in N and RH (ie, T and e), and not the role 
turbulence plays in bringing them about. In Chapter 3, we explore how turbulence (and other 
processes) can generate both positive and negative vertical gradients of RH.  
Consider a turbulent environment where a dry layer with constant mixing ratio overlies a 
moist layer, also with constant mixing ratio (Fig. 2.10). Any perturbation which forces the dry 
layer downward and/or the moist layer upward causes an intensification of the RH gradient 
between these two layers simply due to the adiabatic temperature change caused by the shift in 
altitude. Under these conditions, the maximum RH will occur at the highest (coldest) altitude not 
affected by the mixing from the dry air above. The minimum RH will occur at the lowest 
(warmest) altitude not affected by the mixing from the moist air below. The intensification of the 
moisture gradient between these two altitudes should enhance the potential for Bragg scattering. 
The BSL should be bounded above and below by the RH minimum and maximum, respectively, 
which is a key to using it as a diagnostic. 
Now consider a moist layer over a dry layer. Any perturbation which forced the moist 
layer downward and/or the dry layer upward would cause a reduction in the RH gradient 
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between the layers. The weakening of the moisture gradient between these two layers should 
reduce the potential for Bragg scattering.  
Based on these arguments, we hypothesize that a BSL will exist in the turbulent interface 
layer between air with lower RH overlying air with higher RH, and furthermore that the base and 
top of the BSL will coincide with an RH maximum and an RH minimum, respectively. 
Additionally, we expect that layers that do not satisfy these conditions will not support detectable 
Bragg scattering. Section 7 is devoted to testing this hypothesis.  
7. Analysis 
In this section, sounding RH profiles will be compared to the radar layers to 
quantitatively verify or refute the hypothesized relationship between the RH profile and Bragg 
layers. Two questions need to be answered to reasonably attempt the comparison: 1) what 
constitutes significant RH extrema in the soundings that might provide the bounds for a BSL 
detectable by the radar, and 2) how representative of the moisture field in the ambient 
environment near the radar are RH measurements from a single sounding?  
a. Determining RH extrema in soundings 
To determine extrema, RH profiles from all soundings were first linearly interpolated 
from their original ~5-7 m vertical resolution to 1 m resolution. The same wavelet technique 
applied to individual radar beams was then applied to each sounding for seven iterations, 
yielding Wm for each sounding. Seven levels of iteration effectively filtered variations in the RH 
field at scales below 64 m. This value is slightly larger than the vertical projection of a radar 
pulse volume (43 m) when the beam elevation angle is 16.9º, the maximum used in RICO. 
Figure 2.11 shows an example of an interpolated sounding, the corresponding filtered sounding, 
and   mW
7
2
2
. Extrema in RH were selected based on an analysis of the   mW
7
2
2
 curve. Extrema 
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occur where the   mW
7
2
2
 curve crosses zero, with RH maxima occurring below regions with 
positive area (e.g. blue lines on Fig. 2.11) and RH minima occurring above regions with positive 
area (e.g. red lines on Fig. 2.11). The vertical extent and magnitude of the positive area is related 
to the vertical gradient of RH across a layer. The vertical gradients of RH can be used to isolate 
layers capable of producing Bragg scatter. As seen in Fig. 2.11, both small and large fluctuations 
in RH occur in the vertical. We are interested in those fluctuations that occur on scales 
comparable to the depth of the Bragg layers detected by the radar. To eliminate small scale 
fluctuations in the following analysis, tests were performed using the value of the positive area 
(region between the positive portion of the   mW
7
2
2
 curve and the RH = 0 line) as a threshold to 
define a proxy BSL. Based on these tests, a threshold area of 175 %RH∙m was chosen as the 
minimum area required to define a single proxy BSL. This method retained extrema associated 
with large moisture gradients across shallow vertical layers and smaller moisture gradients over 
deeper layers, while effectively removing small scale variations over shallow layers. If the 
minimum vertical separation between two consecutive proxy BSLs was less than 150 m, they 
were combined into a single layer if the absolute value of the negative area between them was 
less than 50 %RH∙m. The reasoning for this choice was that unless the layers were extremely 
distinct (as implied by large negative area between them), they would most likely be irresolvable 
by the radar at this fine a vertical separation. Layers not satisfying all the above criteria were 
assumed to be clear (i.e., below the threshold for detectable Bragg scattering).  
b. Moisture variability on the scale of the radar domain 
The examples in Section 5 show that BSLs can vary in space and time. Layers can ascend 
or descend with time, move into or out of the radar domain, combine with other layers, and form 
or dissipate. Within a single radar scan or volume, layers might be tilted, vary in thickness, or fill 
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only part of the domain. A sounding provides a single profile through the radar domain that may 
or may not represent the mean state of the moisture field within the radar volume containing the 
BSLs. To test the hypothesis stated in Sec. 6 using soundings, we must first determine the 
probability that a BSL identified by the radar will coincide vertically with a proxy BSL identified 
from analysis of a single sounding. Even if the hypothesis is correct, the soundings and radar 
might not agree depending on the amount of variability in the RH field over the scale of the radar 
domain.  
The RICO dropsonde data set provided a unique opportunity to investigate the 
representativeness of individual soundings by quantifying the variability of the moisture field in 
an environment on the scale of the radar analysis domain. To quantify this variability, we 
conducted statistical comparisons of the near-coincident dropsondes launched around the 60 km 
diameter circles (Fig. 2.2). Specifically, we determined the probability that a proxy BSL 
identified in the mean profile of a dropsonde circle set will coincide vertically with a proxy BSL 
identified from analysis of a single dropsonde within the set. The statistics derived from this 
analysis provide a quantitative guide to what should be considered reasonable agreement 
between the radar and single sounding derived BSLs. 
To analyze the dropsondes, RH extrema were found for each dropsonde using the method 
presented above in Sec. 7a. The extrema determined from each dropsonde were compared to 
extrema determined from an analysis of )(
1
* nWW
x
n
mm 

 , where x is the number of dropsondes in 
a particular set launched around a single circle. The sum was used rather than the average to 
reduce the likelihood that non-homogeneous layers would be eliminated through vertical phase 
cancelation when the 175 %RH∙m area threshold was applied. The 60 km diameter circle 
encompassed by each dropsonde set is close to the average horizontal region encompassed by the 
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radar analysis. The large, positive regions of *mW , which represent mean conditions over the area 
of the circle, each serve as a mean proxy BSL for the BSLs observed by radar.  
Our first step in quantifying the variability was to compare the mean proxy BSLs to 
proxy BSLs determined from single dropsondes in the set. If one *mW  profile contained 6 proxy 
BSLs and there were 6 dropsondes in that particular set, then the set contained a total of 36 
possible layer matches. For a mean proxy BSL to be matched with a proxy BSL from a single 
dropsonde, we made the conservative requirement that at least 50% of the depth of one BSL be 
coincident in altitude with that of the other (e.g. Fig. 2.12 a-e). Otherwise, the layers were 
classified as unmatched (e.g., Fig. 2.12 f-j). Table 2.2 summarizes the results. For the 34 sets of 
dropsondes, there were a total of 1157 possible layer matches. Of these, 770 or 66.6% matched. 
The remaining 387 or 33.4% were unmatched, despite the close proximity in space and time of 
the dropsonde launches. This high level of variability is evident in the RH profiles shown for 
four sets of dropsondes in Fig. 2.13. The largest RH differences in each set for measurements at 
the same altitude correspond to differences in mixing ratio ranging from 7 – 8 g kg-1. Although 
Fig. 2.13 shows some of the more extreme examples, these profiles illustrate well the variability 
commonly found in the dropsonde sets collected during RICO.  
An additional method to characterize the variability was to compare the altitudes of RH 
maxima and minima bounding the mean proxy BSLs with those from individual dropsondes. 
This is different from the layer comparison above because, even with a matched layer, it is 
possible that an RH minimum bounding a mean proxy BSL may be closer in altitude to an RH 
maximum from an individual dropsonde, or vice versa (Fig. 2.12). In Fig. 2.12b, the RH 
minimum at the top of a mean proxy BSL is closest in altitude to an RH maximum in a single 
sounding. In Fig. 2.12c, the reverse is true, the RH maximum at the base of the mean proxy BSL 
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is closest to an RH minimum in the sounding. In Fig. 2.12d, both the maximum and the 
minimum in the mean proxy BSL are closest to their opposite extrema. In all three cases, the 
mean proxy BSL and a sounding proxy BSL met the criteria for a layer match. Analogous 
situations can occur for unmatched but overlapping layers (Fig. 2.12 g-i). There were 1157 RH 
maxima and 1112 RH minima matches possible for the proxy BSLs. The difference was due to 
insufficient data available to determine the altitudes of the topmost RH minima in a few 
soundings (e.g., Fig. 2.11)
1
.  
When single or multiple proxy BSLs from a single sounding were entirely within one 
mean proxy BSL, or vice versa (Fig. 2.12e), both tops and bases were considered matched. A 
maximum (minimum) in RH bounding a proxy BSL was also considered matched if the nearest 
extremum in altitude on a particular dropsonde was also a maximum (minimum) and the mean 
proxy BSL overlapped the dropsonde’s proxy BSL (Fig. 2.12). If the BSLs overlapped, but the 
nearest dropsonde extremum was opposite, it was classified as mismatched. If the mean proxy 
BSL was not overlapped by any proxy BSL in a particular dropsonde, both extrema from the 
mean proxy BSL were classified as unmatched (Fig. 2.12j). Table 2.2 summarizes the statistics 
for the extrema. Approximately 60% of both extrema matched, 28% were unmatched, and 11% 
were mismatched, again despite the close proximity in space and time of the dropsonde launches. 
This again illustrates the variability of RH commonly found in the TMBL and provides a 
baseline for the comparison of radar and rawinsonde proxy BSLs. 
For the matched extrema, the differences between the extrema altitudes from the mean 
proxy BSLs and the individual dropsondes were combined to find the total sample deviations 
(σmax and σmin) for the maxima and minima using 
                                                 
1
 This generally occurred when the TMBL top exceeded 4174 m, an altitude determined by the wavelet technique 
and the limited peak altitude of the dropsondes. 
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where T is the total number of matched maxima or minima, mdz ,  is the altitude of a maximum or 
minimum from the mth mean proxy BSL from dropsonde set d, zd,m,n is the altitude of the 
maximum or minimum from dropsonde n that matches the mth proxy BSL in dropsonde set d.  In 
cases where a mean proxy BSL encompassed more than one proxy BSL from the same 
dropsonde, only the nearest extremum was used in these calculations. The σmax was 159 m for 
the RH maxima altitudes and σmin was 147 m for the RH minima (Table 2.2). The statistics 
presented in the left half of Table 2.2 provide a quantitative baseline for evaluation of the 
hypothesis that the boundaries of radar BSLs are related to RH.  
c. Comparison of sounding extrema with radar BSLs 
A three-hour window of radar data centered at the sounding start time was used to 
compare each sounding-determined proxy BSL with a radar BSL. The three hour time window 
corresponds to the time an air parcel traveling horizontally at 5.5 to 8.0 m s
-1
 (typical trade wind 
speeds during RICO) would traverse the radar analysis domain used in this study (60-90 km). 
The mean altitudes of the radar BSL boundaries within the time windows were determined by 
grouping points denoting BSL tops (or bases) and then calculating the average altitude of each 
top or base from each group of points. These mean altitudes were compared with the altitudes of 
the proxy BSLs from the rawinsondes. By using a three-hour window, we ensured that the 
sounding passed through the same region of space that was used to determine the radar BSLs. 
BSLs were determined from partial radar data if radar data were only available in part of the time 
window. If a BSL was detectable for only a portion of the three hour time window, it was still 
 26 
 
used for this comparison. The impact of these choices on the comparison is discussed below in 
the context of Fig. 2.14.  
The sounding analysis used for the BSL/proxy BSL comparison is identical to that used 
for the dropsonde intercomparison. For a proxy BSL to be matched with a mean radar BSL, we 
again required that at least 50% of the depth of one BSL be coincident in altitude with that of the 
other. Figure 2.14 summarizes the results. The results of the comparison depended on the 
number of estimates of a radar BSL boundary available in a three hour window. If 100 or more 
estimates for both edges of a radar BSL were available, 64.3% of the radar BSLs matched proxy 
rawinsonde BSLs (Fig. 2.14a). If 50 or more estimates for both edges of a radar BSL were 
available, 60.1% matched (Fig. 2.14b). For all radar BSLs, regardless of the number of points 
available, 56.4% matched (Fig. 2.14c). The 64.3% match rate for the well defined, 100+ point 
radar BSLs and rawinsonde proxy BSLs is remarkably close to the dropsonde proxy BSL “self-
agreement” of 66.6%. 
The coincidence statistics were further broken down into subcategories by 
 
bottomtop   2
1 , where σtop and σbottom are the sample deviations of the radar top (e.g. 
coherent lines of red dots in Figs. 2.6-2.8) and bottom (coherent lines of blue dots) edge 
estimates, binned in 50 m increments. In all 3 radar BSL categorizations (100+, 50+, and all 
estimates), no clear relationship was evident between   and the number of BSL/proxy BSL 
matches. This suggests that the percentage of matches is not sensitive to the vertical spread of the 
points defining a BSL within a three hour window, and thus noisier radar data sets which still 
have coherent BSLs are just as reliable as less noisy radar data sets with sharply defined BSLs.  
We also compared the altitudes of RH maxima and minima bounding the rawinsonde 
proxy BSLs with the radar mean BSL boundaries. We applied the same criteria for matched, 
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unmatched, and mismatched levels that was used in the dropsonde analysis (i.e., Fig. 2.12), with 
one exception. The dropsonde and rawinsonde proxy BSLs occurred at specific altitudes. The 
radar BSL boundaries are spatially-averaged estimates that occur over a range of altitudes during 
a three hour time period (e.g., the spread of dots on a single BSL in Fig. 2.6-2.8). For the radar 
BSLs, we asked 1) if a mean BSL boundary matched an appropriate rawinsonde RH extremum 
and 2) whether the appropriate rawinsonde extremum fell within the range of altitudes defining 
the radar BSL. Table 2.2 summarizes the statistics for the BSL boundaries. For the mean radar 
BSLs, approximately 48% (44%) of the bases (tops) matched. If we consider the range of radar 
BSL altitudes within the three hour windows, 58% (55%) of the boundaries matched. The 
expected percentage of matches based on the dropsonde self-agreement analysis was ~60%. The 
statistics for the unmatched and mismatched BSL boundaries were also comparable to the 
statistics from the dropsonde analysis. 
d. Summary 
The data analysis presented above was used to test the hypothesis that a radar BSL will 
exist in the interface layer between low RH air overlying high RH air, and that a layer not 
satisfying these conditions would not support Bragg scattering. The base of a BSL was 
hypothesized to coincide with an RH maximum and the top with an RH minimum. Given 1) the 
high level of spatial and temporal variability in the RH profile demonstrated by the dropsonde 
BSL self-agreement tests, 2) the difficulty in comparing point measurement profiles from 
rawinsondes to large areal and temporally averaged profiles from radar, 3) the stringency of the 
criteria used for categorization of a match between the data from these instruments, and 4) the 
similar statistics generated in the dropsonde self-comparisons and the radar/rawinsonde 
comparisons, we conclude that the analyses presented support the hypothesis. Despite the local 
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variability in the moisture field illustrated by the dropsondes, the analyses above demonstrate 
that moisture layers in the TMBL can be tracked using Bragg scattering from an S-band radar, 
and that the layers can be used to investigate and understand the mesoscale structure and 
evolution of the TMBL, the subject of Chapter 3. 
8. Conclusions 
During the Rain in Cumulus over the Ocean (RICO) field campaign, persistent rings of 
enhanced equivalent radar reflectivity factor and reduced spectral width associated with Bragg 
scattering were observed in cloud free regions of the tropical marine boundary layer with the S-
Pol 10-cm wavelength radar. Both Bragg scattering theory and previous work comparing clear-
air Bragg returns from 10-cm wavelength radar to temperature and moisture profiles suggest the 
likelihood of an exploitable relationship between these Bragg-scattering returns and RH profiles.  
To investigate the relationship between Bragg-scattering layers (BSLs) detected by the 
radar and the ambient RH profile, we introduced a technique based on the Haar wavelet to 
identify BSL edges for S-band radars scanning in PPI mode. Advantages of this technique 
include near “real-time” processing capability, high temporal resolution, an independent estimate 
for each elevation scanned in a PPI volume, and a significant new use for existing radar data. We 
used this technique to determine the mean BSL boundary locations for individual radar scans, 
and constructed time-height diagrams of the BSLs. With these diagrams, we demonstrated that 
the BSLs are persistent, coherent features of the tropical marine boundary layer that delineate 
aspects of its mesoscale structure. 
A hypothesis was proposed for the relationship between the BSLs and the ambient RH 
profiles in the radar’s vicinity. Specifically, a radar BSL will exist in the turbulent interface layer 
between low RH air overlying high RH air, that the base of a BSL will coincide with an RH 
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maximum and the top will coincide with an RH minimum, and that a layer not satisfying these 
conditions would not support Bragg scattering. We presented conceptual arguments to explain 
why Bragg-scattering returns are likely to occur when low RH air is overlying high RH air, but 
not vice versa. 
We compiled statistics to test this hypothesis using the derived radar BSL boundary 
altitudes over three hour windows, 131 surface-based soundings, and 34 sets of aircraft-released 
dropsondes, where each set consisted of ~6 soundings launched within 5 min of one another 
around a circle 60 km in diameter. A modified version of the Haar wavelet edge finding 
technique was applied to the soundings to determine “proxy BSLs.” These consisted of pairs of 
local adjacent RH maxima and minima which correspond to proxy BSL bases and tops, 
respectively. The dropsonde self-agreement tests suggested that we should expect radar BSLs to 
agree with proxy rawinsonde BSLs 67% of the time. The actual agreement between radar and 
rawinsonde BSLs was 64% when there were at least 100 estimates for radar BSL edges. The 
agreement between these statistics provides strong evidence that the hypothesis is true and that 
radar BSL boundaries can be used to track the evolution of the RH field, specifically RH maxima 
and minima. 
The statistical results of this study illustrate two additional points: 1) The spatial 
variability of the RH profile over a few kilometers in the tropical marine boundary layer is 
sufficiently large that a single rawinsonde profile is unlikely to represent the mean state of the 
moisture field within a 60 km diameter circle centered on the rawinsonde site. This finding raises 
an issue of the representativeness of soundings launched at the typical low temporal resolution in 
many tropical studies. 2) The larger scale RH field (10s of kilometers, characterized by the radar 
domain) can exhibit temporal coherence over time scales of hours to a day or more. These two 
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points together imply that the BSLs reflect the mesoscale average of the small scale moisture 
variability.  
The radar analysis presented herein provides a new tool to refine and improve our 
understanding of the tropical marine boundary layer and to validate large eddy simulation 
models. In future chapters we will use the BSL data to provide a statistical characterization of the 
tropical marine boundary layer during RICO and explore the applicability of this technique to 
elucidate structural features of midlatitude environments.  
  
 
 31 
 
9. References: 
Bean, B. R. and E. J. Dutton, 1968: Radio Meteorology. Dover Publications, Inc., 435 pp. 
Betts, A. K., 1997: The physics and parameterization of moist atmospheric convection. Chapter 
4: Trade Cumulus: Observations and Modeling. Kluwer Academic Publishers, pp. 99-126. 
Betts, A. K., and B. A. Albrecht, 1987: Conserved variable analysis of the convective boundary 
layer thermodynamic structure over the tropical oceans.  J. Atmos. Sci., 44, 83–99. 
Betts, A. K., and W. Ridgway, 1988: Coupling of the radiative, convective, and surface fluxes 
over the equatorial Pacific. J. Atmos. Sci., 45, 522-536. 
Chadwick, R. B. and E. E. Gossard, 1986: Radar probing and measurement of the planetary 
boundary layer: Part I Scattering from refractive index irregularities. Probing the 
atmospheric boundary layer. D. H. Lenschow, Ed., American Meteorological Society, 163-
182. 
Doviak, R. J. and D. S. Zrnić, 1984: Doppler Radar and Weather Observations. Academic Press, 
458 pp. 
Ellis, S. M., and J. Vivekanandan, 2010: Water vapor estimates using simultaneous dual-
wavelength radar observations. Radio Sci., 45, RS5002, doi:10.1029/2009RS004280. 
Fabry, F., C. Frush, I. Zawadzki, and A. Kilambi, 1997: On the extraction of near-surface index 
of refraction using radar phase measurements from ground targets. J. Atmos. Oceanic 
Technol., 14, 978–987. 
Glickman, T., Ed., 2000: Glossary of Meteorology. 2nd ed. Amer. Meteor. Soc., 855 pp. 
Gossard, E. E., R. B. Chadwick, W. D. Neff, and K. P. Moran, 1982: The use of ground-based 
Doppler radars to measure gradients, fluxes, and structure parameters in elevated layers. J. 
Appl. Meteorol., 21, 211-226. 
 32 
 
Gossard, E. E., R. B. Chadwick, T. R. Detman, and J. Gaynor, 1984a: Capability of surface-
based clear-air Doppler radar for monitoring meteorological structure of elevated layers. J. 
Climate Appl. Meteorol., 23, 474-485. 
Gossard, E. E., W. D. Neff, R. J. Zamora, and J. E. Gaynor, 1984b: The fine structure of elevated 
refractive layers: Implications for the over-the-horizon propagation and radar sounding 
systems. Radio Sci., 19, 1523-1533. 
Gossard, E. E., J. E. Gaynor, R. J. Zamora, and W. D. Neff, 1985: Finestructure of elevated 
stable layers observed by sounder and in situ tower sensors. J. Atmos. Sci., 42, 2156-2169.  
Heinselman, P. L., D. J. Stensrud, R. M. Hluchan, P. L. Spencer, P. C. Burke, and K. L. Elmore, 
2009: Radar reflectivity-based estimates of mixed layer depth. J. Atmos. Oceanic Technol., 
26, 229-239. 
Kim, D. and V. Ramanathan, 2008: Solar radiation budget and radiative forcing due to aerosols 
and clouds.  J. Geophys. Res., 113, D02203, doi:10.1029/2007JD008434. 
Knight, C. A., and L. J. Miller, 1993: First radar echoes from cumulus clouds. Bull. Amer. 
Meteor. Soc., 74, 179-188. 
Knight, C. A., and L. J. Miller, 1998: Early radar echoes from small, warm cumulus: Bragg and 
hydrometeor scattering. J. Atmos. Sci., 55, 2974-2992. 
Kumar, P., and E. Foufoula-Georgiou, 1997: Wavelet analysis for geophysical applications. Rev. 
Geophys, 35, 385-412. 
Malkus, J. S., 1958: On the structure of the trade wind moist layer. Pap. Phys. Oceanogr. 
Meteor., 13, 1-47. 
 33 
 
Neggers, R. A. J., B. Stevens, and J. D. Neelin, 2006: A simple equilibrium model for shallow 
cumulus topped mixed layers. Theor. Computational Fluid Dyn., doi:10.1007/s00162-006-
0030-1.   
Ottersten, H., 1969: Atmospheric structure and radar backscattering in clear air. Radio Sci., 4, 
1179-1193. 
Rauber, R.M., B. Stevens, H.T. Ochs, C. Knight, B.A. Albrecht, A.M. Blyth, C.W. Fairall, J.B. 
Jensen, S.G. Lasher-Trapp, O.L. Mayol-Bracero, G. Vali, J.R. Anderson, B.A. Baker, A.R. 
Bandy, E. Burnet, J.L. Brenguier, W.A. Brewer, P.R.A. Brown, P. Chuang, W.R. Cotton, L. 
Di Girolamo, B. Geerts, H. Gerber, S. Göke, L. Gomes, B.G. Heikes, J.G. Hudson, P. 
Kollias, R.P. Lawson, S.K. Krueger, D.H. Lenschow, L. Nuijens, D.W. O'Sullivan, R.A. 
Rilling, D.C. Rogers, A.P. Siebesma, E. Snodgrass, J.L. Stith, D.C. Thornton, S. Tucker, 
C.H. Twohy, and P. Zuidema, 2007: Rain in shallow cumulus over the ocean. Bull. Amer. 
Meteor. Soc., 88, 1912–1928. 
Roberts, R. D., F. Fabry, P. C. Kennedy, E. Nelson, J. W. Wilson, N. Rehak, J. Fritz, V. 
Chandrasekar, J. Braun, J. Sun, S. Ellis, S. Reising, T. Crum, L. Mooney, R. Palmer, T. 
Weckwerth, and S. Padmanabhan, 2008: REFRACTT 2006. Bull. Amer. Meteor. Soc.,89, 
1535–1548. 
Siebesma, A. P., 1988: Shallow cumulus convection. Buoyant convection in geophysical flows. 
E. J. Plate, E. E. Fedorovich, X. V. Viegas, and J. C. Wyngaard, Eds., Kluwer, 441-486. 
Snodgrass, E. R., L. Di Girolamo, and R. M. Rauber, 2009: Precipitation characteristics of trade 
wind clouds during RICO derived from radar, satellite, and aircraft measurements. J. Appl. 
Meteor. Climatol., 48, 464-483. 
 34 
 
Stevens, B., 2005: Atmospheric moist convection.  Annu. Earth Planet. Sci., 32, 605-643.  
(corrigenda). 
Stevens, B., 2006: Bulk boundary layer concepts for simplified models of tropical dynamics.  
Theor. Comp. Fluid Dyn., 20, 279–304. 
Stevens, B. and J.-L. Brenguier, 2008: Cloud controlling factors -- Low clouds, Ernst 
Strüngmann Forum Contribution to Perturbed Clouds in the Climate System, Heintzenberg 
and Charslon Eds., in press. 
Tatarski, V. I., 1961: Wave propagation in a turbulent medium. McGraw-Hill Book Co., Inc., 
285 pp. 
Trenberth, K.E., P.D. Jones, P. Ambenje, R. Bojariu, D. Easterling, A. Klein Tank, D. Parker, F. 
Rahimzadeh, J.A. Renwick, M. Rusticucci, B. Soden and P. Zhai, 2007: Observations: 
Surface and Atmospheric Climate Change. In: Climate Change 2007: The Physical Science 
Basis. Contribution of Working Group I to the Fourth Assessment Report of the 
Intergovernmental Panel on Climate Change [Solomon, S., D. Qin, M. Manning, Z. Chen, M. 
Marquis, K.B. Averyt, M. Tignor and H.L. Miller (eds.)]. Cambridge University Press, 
Cambridge, United Kingdom and New York, NY, USA. 
Weckwerth, T. M., D. B. Parsons, S. E. Koch, J. A. Moore, M. A. LeMone, B. B. Demoz, C. 
Flamant, B. Geerts, J. Wang, and W. F. Feltz, 2004: An overview of the International H2O 
Project (IHOP_2002) and some preliminary highlights. Bull. Amer. Meteor. Soc., 85, 253–
277. 
Währn, J., I. Rekikoski, H. Jauhiainen, and J. Hirvensalo, 2004: New Vaisala radiosonde RS92: 
Testing and results from the field, Eighth Symposium on Integrated Observing and 
 35 
 
Assimilation Systems for Atmosphere, Oceans, and Land Surface, 
http://ams.confex.com/ams/84Annual/techprogram/paper_72134.htm. 
Zhao, G., and L. Di Girolamo, 2007: Statistics on the macrophysical properties of trade wind 
cumuli over the tropical western Atlantic. J. Geophys. Res., 112, D10204, doi: 
10.1029/2006JD007371. 
 
 36 
 
10. Tables and Figures 
 
Table 2.1: S-Pol Radar Characteristics during RICO 
Deployment Dates 
24 November 2004 –  
   24 January 2005 
Latitude 17.5511° 
Longitude -61.7372° 
Altitude 12 m ASL 
Maximum Range 147 km 
Beam Width 0.92° 
Range Gate Spacing 149.89 m 
Minimum Detectable Z at 1 km (50 km) 
at a signal to noise ratio (SNR) of -6 dB 
-52 (-15) dBZ 
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Table 2.2:  BSL Comparison Statistics 
 
Proxy BSL / 
Dropsonde Comparison 
Radar BSL / 
Sounding Comparison 
Layer Comparison  
Total Layers 1157 583 398 263 
Total Matched Layers 770   (66.6%) 329 (56.4%) 239 (60.0%) 169 (64.3%) 
Total Unmatched Layers 387   (33.4%) 254 (43.6%) 159 (40.0%) 94 (35.7%) 
 
Extrema Comparison  
 RH Maxima RH Minima BSL Base BSL Top 
Total Possible Matches 1157 1112 583 583 
Matched (M) 713 (61.6%) 662 (59.5%) 
mean: 282 (48.4%) 
range: 340 (58.3%) 
mean: 258 (44.3%) 
range: 322 (55.2%) 
Unmatched (U) 322 (27.8%) 320 (28.8%) 185  (31.7%) 185 (31.7%) 
Mismatched 122 (10.6%) 130 (11.7%) 58  (10.0%) 76 (13.1%) 
Sample deviation (σ) 159 m 147 m 171 m 154 m 
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Fig. 2.1: Sector scan at 7.5º elevation angle showing (a) spectral width (m s
-1
) and (b) the 
equivalent radar reflectivity factor (dBZ) measured by the S-Pol radar on 23 January 2005 at 
0005 UTC. The radar volume geometry in (c) illustrates how rings are indicative of Bragg 
scattering layered structure when the radar is operating in plan position indicator (PPI) mode.  
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Fig. 2.2:  Map of Antigua and Barbuda showing the locations of 1) the most common rawinsonde 
launch site, Spanish Point (green rectangle), 2) the radar site (red dot), where S-Pol was deployed 
and rawinsondes were occasionally launched, and 3) the approximate release pattern and location 
of the C-130 dropsonde circle. Range rings are in km. 
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Fig. 2.3: Color contours of constant radio refractivity (N) for fixed pressure levels of (a) 550, (b) 
775, and (c) 1000 mb. Overlaid in red are lines of constant RH. RICO rawinsonde vapor pressure 
and temperature measurements for the given pressure altitudes are shown for reference (white 
squares).  
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Fig. 2.4: Data analysis schematic detailing: (a) successive wavelet iterations performed using a 
single starting point, and (b) the union of these wavelet results from analysis carried out at 
successive starting points (each represented by a different color).  
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Fig. 2.5:  Sample wavelet analysis. (a) The original spectral width measurements color-contoured 
every 2 m s
-1
 and (b) the equivalent radar reflectivity factor measurements color-contoured every 
10 dBZ mapped onto Cartesian grids of range gate versus radar beam. Layer edges are marked 
based on (d); (c) each line represents g4(r) determined from the union of the 16 Wm4 results for an 
individual beam of spectral width data. The g4(r) results from each beam in (a) are shown; (d) the 
average result,  rg4 , for the entire scan with thresholds (very near zero line) and local maxima 
(blue) and minima (red) shown. The first minimum is due to the island’s eastern ridge (Fig. 2.2). 
The second minimum is the top of the transition layer. Noisy indicators are seen at the highest 
range gates. 
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Fig. 2.6 
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Fig. 2.6 (cont.): Time-height diagram of BSL edge locations from 23 December 2004. a) the 
results from the fourth wavelet iteration, b) the results from the fifth wavelet iteration, and c) the 
combined results of both fourth and fifth wavelet iterations. Coherent lines of red (blue) dots 
indicate the upper (lower) edges of BSLs. In c) green shading indicates BSLs, white layers are 
“clear” radar regions, and the light blue shading denotes the mixed layer (below blue dots) and 
transition layer (above blue dots). Noise appears as random red and blue speckles. 
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Fig. 2.7:  Time-height diagram of BSL edge locations from 1 January 2005. The shading is the 
same as Fig. 2.6c. 
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Fig. 2.8:  Time-height diagram of BSL edge location from 17 January 2005. The shading is the 
same as Fig. 2.6c. 
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Fig. 2.9:  PPI scan of spectral width (m s
-1
) for the 6.8° elevation angle from 1 January 2005 at 
2102 UTC. The two outermost rings are asymmetric and give rise to the overlapping layers in 
Fig. 2.7.  A partial ring is also apparent just inside the 15 km range ring. 
 
 48 
 
 
Fig. 2.10: Conceptual diagram for why BSLs are likely to occur with dry over moist layers, but 
not moist over dry.  The explanation of the diagram is given in the text. 
 
 
 49 
 
 
 
 
Fig. 2.11: a) Interpolated relative humidity (RH) profile (magenta) and wavelet-smoothed RH 
profile (black) for RICO Research Flight 06 Circle 1 Dropsonde 5 (145257 UTC 16 December 
2004). The magenta and black lines nearly overlap. b)   mW
7
2
2
 profile (black) for dropsonde 
shown in a). Green shading indicates proxy BSLs, bounded below by local RH maxima (blue 
lines) and above by local RH minima (red lines).  The locations of these BSLs are determined by 
the zero crossings of the   mW
7
2
2
 curve bounding positive regions with areas of at least 175 
%RH∙m.  In this instance, the topmost layer would not have been included in the statistics since 
the topmost BSL has no zero crossing in the   mW
7
2
2
 curve. 
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Fig. 2.12: Examples of how BSLs (mean dropsonde or mean radar) compare in altitude with 
proxy BSLs (single dropsonde or single rawinsonde). In each panel the left BSL represents the 
mean and the right the individual sounding. Figs. a-e show BSLs that match (Layer = M) and f-j 
show BLS that are unmatched. Red (blue) lines denote BSL tops (bases). BSLs are shaded grey 
and their midpoints are demarcated by dashed lines. For BSL edge comparisons, Min = (M,X,U) 
denotes that the mean layer top is (matched, mismatched, unmatched). Max = (M,X,U) denotes 
that the mean layer base is (matched, mismatched, unmatched).  
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Fig. 2.13: RH profiles for 4 of the 34 sets of dropsondes used to establish the variability of the 
moisture field. Each dropsonde set was released along a 60 km diameter circle within 30 min 
(Fig. 2.2). The sets shown are from a) Research Flight (RF) 1 Circle 1 (7 December 2004); b) RF 
10 Circle 2 (5 January 2005); c) RF 13 Circle 2 (12 January 2005); d) RF 19 Circle 1 (24 January 
2005).  
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Fig. 2.14:  Fraction of radar BSLs that have a matching proxy BSL in the corresponding 
sounding, binned by 50 m increments of . The  labels correspond to the bins’ centers.  The 
number of radar BSLs that fall into each bin category is shown at the top of each column in the 
histograms.  The three different histograms show the statistics for (a) radar BSLs which have at 
least 100 estimates per edge, (b) radar BSLs which have at least 50 estimates per edge, and (c) all 
radar BSLs, regardless of the number of estimates available. The total number of radar BSLs in 
each category as well as the total percent coincident rate are shown at the top of each histogram.   
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CHAPTER 3.  BRAGG SCATTERING LAYER FORMATION MECHANISMS AND 
PROPERTIES, AND RELATIONSHIP TO SATELLITE DERIVED CLOUD TOP 
HEIGHTS  
 
1. Introduction 
Beginning with the work of Bunker et al. (1949), several field campaigns were carried out 
over the western tropical North Atlantic Ocean to characterize the mean state of the trade wind 
atmosphere. These have culminated in a series of averaged thermodynamic and moisture profiles 
that have served as the initial state for the vast majority of large eddy simulations (LES) and 
column model simulations of the western Atlantic trade wind environment (e. g., NCAR 1972 
Puerto Rico Experiment, Sommeria and LeMone 1978; Barbados Oceanographic and 
Meteorological Experiment (BOMEX) Phase I, Stevens et al. 2001; BOMEX Phase III, 
Siebesma et al. 2003; Rain in Cumulus over the Ocean (RICO), VanZanten et al. 2011).   
The common conceptual model of the vertical structure of the trade wind atmosphere 
consists of a tropical marine boundary layer (TMBL) capped by the tropical inversion and a 
subsiding dry layer above the tropical inversion. The TMBL itself consists of a sub-cloud mixed 
layer demarcated by the mixed layer top, a transition layer often containing very shallow clouds, 
and a deeper cloud layer extending to the tropical inversion (e.g., Malkus 1958; Betts 1997; 
Ramana et al. 2004; Stevens 2005; Stevens 2006).  A second stable layer sometimes is associated 
with the 0° C isotherm within the dry layer (e.g., Johnson et al. 1996 and 1999).   
Composited sounding profiles used in past studies would suggest that only two or three 
Bragg scattering layers (BSLs) would be detectable by radar, specifically those associated with 
the transition layer, the TMBL top/tropical inversion, and near the 0° C isotherm when a stable 
layer is present. In Chapter 2, it was demonstrated that many more BSLs than just these three 
were generally present.  In addition, the 34 sets of ~6 dropsondes, each set taken in less than 30 
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minutes on a 60 km diameter circle, revealed large horizontal and vertical differences in relative 
humidity (RH) and vertical RH gradients.  These RH differences were significant enough that the 
inferred elevation of the TMBL top could often “jump” by more than a kilometer, depending 
upon which of the near-coincident dropsondes in a set were compared.  Therefore we may 
conclude that, while some aspects of the larger environment are revealed by individual 
soundings, the proximity of clouds and detraining cloudy air and the elevations at which cloudy 
air is being detrained are having a significant impact on these sounding moisture profiles. Thus 
individual soundings are not adequate to infer the moisture characteristics of the larger trade 
wind environment. Measurements that provide an environmental context allow soundings to be 
properly interpreted; S-band radar can provide this context through the tracking of BSL 
evolution.  
In this chapter, we offer potential explanations for BSL development and maintenance.  
We examine the statistical behavior and longevity of the BSLs and their “clear layer” 
counterparts, and how these layers are affected by various environmental factors. Based on these 
results, we will re-conceptualize the TMBL model and use satellite cloud-top height retrievals to 
validate our results. Finally we will discuss the potential ramifications of such a change in 
TMBL conceptualization.  
2. Hypothesized mechanisms for BSL formation and maintenance 
The western portion of the tropical North Atlantic is under the influence of the 
descending portion of the Hadley circulation and is therefore subject to large scale subsidence 
above the TMBL. Because of adiabatic compression during descent, the air is warmed, leading to 
a region of increased static stability, if not an actual temperature inversion, which caps the 
TMBL. While individual air parcels within the TMBL rise, others sink, and the average vertical 
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velocity in the TMBL is, on average, negative, although the TMBL grows by virtue of entraining 
air from aloft. The net result of the rising/sinking – or mixing – is a closer-to-dry-adiabatic lapse 
rate, with cooling at the top, and warming at the bottom. Air above the TMBL is normally quite 
dry, while air within the TMBL has been appreciably moistened due to the convective transport 
of moisture evaporated from the ocean surface. The net effect is a very large decrease in RH 
across the TMBL top, which is capable of producing a sustained BSL.  We therefore expect to 
observe a BSL associated with the top of the TMBL. 
Turbulent layers may also give rise to BSLs. Consider a vertical atmospheric profile 
within the TMBL characterized by constant lapse rates of both potential temperature, 1C
dz
d


, 
and specific humidity, 2C
dz
dq
  (See Fig. 3.1a,c). If a layer of continually forced turbulent 
mixing is imposed within this profile with no influx of heat or moisture, then within the core of 
the turbulent layer, the gradients 
dz
d
 and 0
dz
dq
 (See Fig. 3.1b,d).  Near the upper and lower 
boundaries of the turbulently mixed region, strong vertical gradients in both θ and q would 
develop. As a consequence, two regions of increased static stability (and possibly temperature 
inversions) would form (between θ1 and θ 2 and between θ3 and θ4 on Fig. 3.1b). These regions of 
increased static stability would also be characterized by more negative 
dz
dq
, radio refractivity 






dz
dN
, and especially 
 
dz
RHd
 than the initial gradients since the temperature at the top (θ3 
elevation) and bottom (θ 2 elevation) of the turbulent layer core would be colder and warmer, 
respectively, after mixing. We can therefore infer that in many cases a layer of increased 
turbulence (e.g., due to vertical shear) can modify the RH profile such that the two layers of 
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increased static stability bounding the turbulent layer will each be characterized by an RH 
maximum near its base and an RH minimum near its top.  Based on arguments presented in 
Chapter 2 these layers of increased static stability would be detected as BSLs with the radar.   
In contrast, within the core of the turbulently mixed layer, as 
dz
d
 and 0
dz
dq
, the 
tendency toward homogenization of θ and q will lead to an increase in RH with altitude and a 
positive tendency in the vertical gradient of radio refractivity, 
dz
dN
. These tendencies would lead 
to a reduction in the potential for Bragg scattering with time in the core of the turbulent layer. 
Thus, the turbulent layer core, which is characterized by an RH minimum at the base and 
maximum at the top, would be unlikely to produce a BSL, consistent with the arguments in 
Chapter 2   
The BSLs forming through the turbulence mechanism described above will be layers of 
enhanced static stability, consistent with past studies (see Sec. 3, Chapter 2. Temperature 
inversions and other layers of increased static stability are known to inhibit cloud development 
and cause detrainment of cloudy air near the stable regions’ bases (e.g., Perry and Hobbs 1996). 
Thus, when trade wind clouds are present, moisture would be preferentially detrained near the 
base of the stable region, thereby helping to sustain the BSL/clear layer structure. An example of 
BSL enhancement due to cloud detrainment is shown in the radar image in Fig. 3.2. 
Although Bragg scattering is inherently a transient phenomenon, we anticipate that 
radiative processes will affect and be affected by the BSL / clear layer structure due to the long-
lived nature of the BSLs. However, the role of radiation is not clear since vertical variations in 
radiative heating rates depend, in part, on the vertical profile of moisture and temperature. Layer 
perturbations in temperature and moisture not only affect the radiative heating rate of the layer, 
 57 
 
but also radiative heating rates above and below the layer. The radiative transfer is also three-
dimensional, making the net radiative flux divergence from a clear volume of air dependent upon 
the distribution of nearby clouds. For these reasons, it is difficult to argue what role radiation 
may have in the maintenance of layers of enhanced static stability. The BSL/radiation 
relationship needs to be explored further using models with high vertical resolution. However, 
such a study is beyond the scope of this work. 
In summary, the arguments presented above regarding the effects of turbulence and 
detrainment are consistent with the observations in Chapter 2that show that the tops and bases of 
BSLs coincide with minima and maxima, respectively, in the vertical profile of RH. Below, we 
use this relationship to examine characteristics of the RH field as revealed through statistical 
characterization of BSL properties.   
3.  Statistical Characterization of the BSLs 
a. Methodology 
The data used in this analysis come from the National Center for Atmospheric Research 
(NCAR) S-band 10-cm wavelength, dual-polarization Doppler radar (S-Pol), deployed on 
Barbuda during RICO between 24 November 2004 and 24 January 2005. In Chapter 2 we 
introduced a technique based on the Haar wavelet to identify BSL edges for S-band radars 
scanning in PPI mode. We used this technique to determine the mean BSL boundary locations 
for individual radar scans, and constructed time-height diagrams of the BSLs. With these 
diagrams, we demonstrated that the BSLs are a persistent, coherent feature of the tropical marine 
boundary layer that delineate aspects of its mesoscale structure. Figure 3.3a shows an example of 
the BSLs observed on 29 November 2004. On this figure, the red (blue) dots each denote the top 
(base) of a BSL for a single radar Plan Position Indicator scan.  
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In this chapter we consider the statistical characteristics of the BSLs. To determine these 
characteristics, the data points representing BSL boundary locations (e.g. Fig. 3.3a) had to be 
remapped to evenly distributed time intervals. Initially the points associated with each BSL base 
and top were grouped. The BSL base and top altitudes were then averaged within a 15-min 
moving window and evaluated at 5-min intervals (Fig. 3.3b). This provided regularly spaced data 
(288 5-min wide bins per day) for the calculation of BSL and clear layer statistics across all 62 
days of the RICO project. All radar scans with 5-16.9º elevation angles were used for the 
analyses, unless otherwise noted. 
b. Statistical Results 
1) MEAN STRUCTURE AND DIURNAL CHARACTERISTICS  
On average 3.5 BSLs were present above the transition layer when all data were analyzed 
across the RICO period.  The overall sample deviation was 1.5 layers, while the maximum 
number of BSLs detected above the transition layer was nine.  Figure 3.4 shows the average 
number, the sample deviation (σ), and the maximum number of BSLs as a function of time of 
day for the RICO time period. The number of BSLs present appears insensitive to time of day.  
The median depth of the BSLs was 347 m (see Fig. 3.5).  When the BSL depths were subdivided 
into day and night categories, the median daytime BSL depth, 357 m, was only slightly larger 
than that of the nighttime median depth of 340 m. The median depth of the clear layers 
separating the BSLs was 351 m.  No diurnal difference was found in the clear layer depths (See 
Fig. 3.6).   
The mean altitude of the mixed layer top based on the BSL analysis was 400 m. This 
value was determined using elevation angles ≥ 1º but < 2º to avoid near-radar side lobe 
contamination caused by a slight ridge on the eastern side of the island. The mean height of the 
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transition layer top depended upon the elevation angles used in the analysis. Using elevation 
angles ≥ 1º but < 2º, the mean transition layer top was located at 750 m.  Using elevation angles 
≥ 5º, it was found to be 850 m.  There is evidence to suggest that the source of this difference is a 
combination of the radar geometry (i.e., the different sample areas) and transient meteorological 
features observed with the different geometries. For example, Fig. 3.7a shows periodic increases 
in the transition layer top height measured at the higher elevation angles associated with 
phenomena with a time scale of ~2 hrs (see red dots indicated by green arrows).  These do not 
appear at the lower elevation angle results (black dots indicated by black arrows). Individual 
radar images for the lower elevation angles (e.g., Fig. 3.7b) show considerably more asymmetry 
in the height of the (BSL) transition layer top compared to higher elevation angle measurements 
(Fig. 3.7c), indicating that small scale variability is averaged out due to the greater spread in 
sampling area for the lower elevation angle scan. We will show evidence in Sec. 4 that these 
differences may be related to variability in cloud top heights near the transition layer top.  
 The mixed layer top exhibited an apparent slight diurnal cycle, with the mean daytime 
mixed layer about ~30 m deeper than the mean nocturnal mixed layer. In contrast, the top of the 
transition layer exhibited no diurnal cycle (Fig. 3.8).  The daily range of project-mean depths of 
the transition layer was ~93 m. The reduction in the depth of the transition layer following 
sunrise should contribute to dissipation of shallower clouds. This trend in shallow cloud cover 
was indeed consistent with our visual observations of rapid clearing of the shallow clouds on 
most mornings during RICO.   
2) LIFETIME AND POTENTIAL SOURCES OF BSLS  
Because the radar data were not always continuous, the BSLs were classified into three 
groups: 1) BSLs whose entire lifetimes were captured; 2) BSLs with a 1+ hour gap in radar data 
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at one end point, cutting off their observed lifetimes; 3) BSLs with 1+ hour gaps in radar data 
cutting off both ends of their observed lifetimes.  Lifetimes for the second and third categories 
will be biased low because of radar down times. Gaps in data of less than an hour were ignored, 
as BSLs could be unambiguously paired across such small data gaps.  Data segments shorter than 
four hours due to radar gaps on both sides were excluded from this analysis.  
Although generally perceived as layers, the BSLs can also be branching in nature.  
Sometimes a BSL will divide into multiple layers; sometimes multiples layers will merge into a 
single BSL
2
.  Some BSLs experience both divisions and mergers within their lifetimes (e.g. 0-7 
UTC in Fig. 3.7 of Chapter 2.  For these reasons, a BSL with all its branches was counted only 
once, and its lifetime was determined as the time interval between the time its first branch 
appeared and the time its last branch disappeared (or was cutoff).  Using these criteria, 359 BSLs 
were observed with the radar across the RICO project. 
Figure 3.9a shows cumulative frequency diagrams of BSL lifetimes for different 
branching structures. The black line on Fig. 3.9a shows the overall statistics for the lifetimes of 
the BSLs.  The median BSL lifetime was 8.4 hours. Roughly 25% of the BSLs had lifetimes 
exceeding 20 hrs and ~10% had lifetimes exceeding 31 hrs. The maximum BSL lifetime, 86.7 
hours, was shortened on either side by data cutoffs. The remaining lines on Figure 3.9a show 
BSL lifetimes as a function of branching characteristics. Of the 359 BSLs observed, 81% 
exhibited no branching, 5% exhibited mergers only, 6% exhibited divisions only, and 8% 
experienced both mergers and divisions. Approximately a third of the BSLs with no branching 
had lifetimes on the order of 5 hrs or less, a third had lifetimes between 5 and 10 hrs, and the 
remaining third had lifetimes between 10 and 64 hrs. BSLs which exhibited branching tended to 
                                                 
2
Note. It is possible that two BSLs which appear to merge are still distinct layers, but that the radar is no longer 
capable of resolving this distinction. 
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be longer lived than those that did not. This was particularly true for BSLs which exhibited both 
mergers and divisions.   
Figures 3.9b,c,d show the data subcategorized based on the number of data cutoffs. 
Comparing Figs. 3.9b,c,d, the lifetime bias introduced by data cutoffs was particularly evident 
for the BSLs that exhibited both mergers and divisions. The median lifetimes of BSLs exhibiting 
mergers and divisions decreased by ~7 hrs when one data cutoff occurred and ~7 additional hrs 
when two data cutoffs occurred.  The effect of the cutoff bias was less obvious for BSLs that did 
not branch. 
     Because the current conceptual model of the TMBL allows for only 2 BSLs, namely 
those associated with the transition layer and the top of the marine boundary layer, it becomes a 
point of interest to find out the relative lifetimes of BSLs given their relative vertical positions.  
For instance, are the middle layers (which are not expected to exist based on the current TMBL 
conceptual model) the ones that are short lived?  It is possible for a BSL to occupy more than 
one position for 2 reasons: 1) because of their branching structure (as mentioned above) and 2) 
because a shorter-lived BSL showing up (or disappearing) above or below a given BSL will 
change the given BSL’s relative vertical position.  Thus BSLs were grouped into six categories 
by relative vertical position: 1) bottom, 2) bottom and middle, 3) middle, 4) middle and top, 5) 
top, 6) bottom, middle, and top. Here, bottom refers to the transition layer and top refers to the 
topmost BSL observed at a given time.   
As can be seen in Fig. 3.10a, layers of various lifetimes occurred in all position 
categories.  All categories except the top had at least one BSL last in excess of 48 hours. The 
topmost BSLs had the shortest lifetimes, most likely due to dissipation of vertical moisture 
gradients as dry air from aloft mixed with boundary layer air across the top of the TMBL. The 
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middle and bottom BSLs had progressively longer lifetimes.  Layers occupying more than one 
vertical position category had significantly longer lifetimes. There were only four BSLs whose 
branching structure ranged from bottom to top. The shortest of these was present in excess of 42 
hours. Figures 3.10b,c,d showed the effect of data cutoffs on the lifetime distributions. The 
impact of data cutoffs on BSL lifetime estimates are most notable in Fig. 3.10d, where the 
cumulative frequency distributions appear to converge. 
A fundamental question concerning the BSLs is whether they are continuously generated 
or exist as layers over large regions of the Atlantic and are transported by the wind over the 
radar. A way to address this question is to calculate back-trajectories of air parcels beginning 
from the radar location at the altitudes and time of the first appearance of long lived BSLs, such 
as those appearing in Fig. 3.11a. If the BSLs are simply transported over the radar with no 
vertical motion (w = 0), their heights, moving forward in time, should approximate the altitudes 
of the trajectories moving backward in time. To calculate back-trajectories, we used 
NCEP/NCAR Global Reanalysis Data with the National Oceanic and Atmospheric Administration 
(NOAA) HYbrid Single-Particle Lagrangian Integrated Trajectory (HYSPLIT) model. Figure 
3.11b shows back-trajectories launched at 14 UTC on 01 January 2005 beginning at the radar site 
from a series of altitudes spanning the depth of the TMBL. These trajectories are characteristic of 
many other days we examined during RICO and follow expectations based on common 
understanding of the general circulation features of the tropical Atlantic. Specifically, the 
trajectories imply that air arriving in the upper layers of the TMBL originated several km higher 
in the free troposphere, while air parcels arriving in the lower layers of the TMBL first ascended 
over the northern subtropical Atlantic and then descended slightly as they entered tropical 
latitudes. If the BSLs were simply transported over long distances, these trajectories imply that 
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the moisture which characterizes the BSL bases would have sources above the TMBL and near 
the ocean surface, the former of which is improbable. A more physical interpretation, although it 
must be considered speculative with the data we have available, is that cloud detrainment of 
moisture, which occurs continually within the trade wind cloud layer, is concentrated in layers 
that possess marginally greater static stability. This is consistent with the occurrence of moisture 
layers commonly observed on soundings.  
3) RELATIONSHIP OF BSLs TO RAIN RATE AND SURFACE METEOROLOGICAL 
VARIABLES  
BSL and clear layer depths were examined as a function of daily rain rate using the data 
presented in Snodgrass et al. (2009) (see Fig. 3.12). Figures 3.13 and 3.14 show the median 
depths of the BSLs and the clear layers observed on days with precipitation rates ranked as in 
Fig. 3.12.  Layers on the rainiest days were generally about 100 m deeper than layers on the least 
rainy days. However, the number of layers present did not appear to have any relationship to rain 
rate. Together these two observations imply that the TMBL was typically deeper on rainier days. 
 Surface air temperature, wind speed, and wind direction were determined using data from 
the NCAR portable automated mesonet (PAM) station located at the sounding launch site, 
Spanish Point, Barbuda (see Chapter 2 Fig. 2.2). These data were recorded at 5 min intervals 
which could be directly linked to the time intervals used for the moving window averages. 
Surface wind direction was the only variable that appeared to have a relationship to the number 
of BSLs observed (see Fig. 3.15). Averaged over the RICO project, the fewest number of BSLs 
were present when surface winds were northerly. The number of BSLs trended upward for 
surface winds with an easterly component and increasingly more so for winds with a southerly 
component. This trend in behavior is consistent with a conceptual model of a deepening of the 
TMBL toward the equator. Simply, more BSLs fit within a deeper TMBL.  Surface wind 
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direction had no apparent relationship to the depth of the BSLs or clear layers. There was also no 
apparent relationship between the number/depth of BSLs or clear layers and surface wind speed 
or temperature.   
4.  Confirmation of RH Layering Implied by BSLs Using Satellite Data  
 The picture portrayed by S-band radar of the typical tropical trade wind profile during 
RICO consists of the following: 1) a mixed layer capped by a transition layer; 2) 3-4 clear/Bragg 
layer couplets of ~700 m each that lie above the transition layer; and 3) the free atmosphere 
above the highest BSL.  The tops of the BSLs are co-located with local RH minima and the bases 
with local RH maxima, indicating a persistent layered structure for the typical moisture profile.  
 A set of independent observations appears to confirm this structure, specifically, satellite 
cloud top height retrievals derived from data taken by the Advanced Spaceborne Thermal 
Emission and Reflection (ASTER) instrument on the Terra satellite platform (Zhao and Di 
Girolamo 2007). We start with the expectation, confirmed with the available sounding data in 
Chapter 2 that RH maxima are collocated with BSL bases and RH minima are collocated with 
BSL tops. It is reasonable to expect that RH maxima should occur at the preferred heights of 
cloudy air detrainment and RH minima will occur at heights with little or no cloudy air 
detrainment. We therefore anticipate that the RH minima associated with BSL tops will occur 
near a preferred cloud top capping boundary. To verify this idea, we compared BSL top altitudes 
with cloud top height retrievals from the satellite study of Zhao and Di Girolamo (2007).  
 Zhao and Di Girolamo (2007) examined cloud top height as a function of cloud diameter 
using ASTER data. The data were taken over the western tropical Atlantic from September to 
December 2004.  They used a 90 m cloud mask which was further verified to be completely 
cloudy at 15 m resolution for all the clouds in their study.  The data they used were all taken 
 65 
 
around 1030 LST due to the sun-synchronous orbit of Terra.  Figure 3.16 shows their cloud top 
height distribution, binned every 100 m, for cloudy pixels associated with clouds within a given 
size range (based upon cloud diameter), and normalized by the total number of cloudy pixels 
analyzed.  (For further details, refer to Zhao and Di Girolamo 2007).   
 Figure 3.16 shows a preferred cloud top height altitude at 750 m for clouds with 
diameters < 4.5 km, closely matching the transition layer top from the BSL analysis at the lower 
elevation angles.  When clouds of all diameters were included in the satellite analysis, the 
preferred cloud top height altitude increased to 850 m, consistent with the BSL analysis of the 
transition layer top at higher elevation angles. The elevations of the next 4 maxima in cloud top 
heights for all clouds in the satellite analysis were found at 1550, 2050, 2750, and 3400 m (this 
last elevation was rounded to 3400 because the individual curves varied between 3350 and 3450 
m).  Thus, the peaks in cloud top height frequency were separated vertically by 663 m, very close 
to the ~700 m median depth between the tops of two vertically adjacent BSLs.  
We next compared the frequency of occurrence of BSL tops (red dot / RH minima) vs. 
altitude for the entire RICO data set with the log of the satellite-derived cloud top height 
frequency vs. altitude (See Fig. 3.17).  Peaks in the frequency diagrams for both curves occur at 
many of the same altitudes, suggesting strongly that there exists a relationship between cloud 
tops and BSL tops. The correlation coefficient between these two curves was 0.92.  These data 
support the idea that the RH minima associated with the BSL tops correspond to preferred cloud 
top heights within the TMBL. The median depth of the BSLs suggests that RH maxima occur in 
the preferred cloud detrainment region ~350 m below cloud top. The variability and layering in 
the cloud top heights indicated by the satellite data and the variability and layering in the RH 
field as indicated by the location and number of BSL tops, strongly implies that the “mean state” 
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of the trade wind layer characteristic of composited soundings used for many simulations rarely, 
if ever, exists over the tropical North Atlantic. However, the fact that there are preferred altitudes 
to both the BSLs and the cloud top heights indicate that there is some preferred structure to the 
variability.       
We do not have sufficient data to quantitatively analyze the specific feedback 
relationships between cloud detrainment, turbulence, radiative processes, and large scale forcing 
in the formation and maintenance of moisture layering indicated by the long lived BSLs.  It is 
clear from the satellite / BSL comparison, however, that the internal stability structure of the 
TMBL is influencing, and is influenced by cloud detrainment.  Future research should be 
targeted at understanding these relationships. 
5.  A Revised Conceptual Model of the TMBL  
Campaigns carried out in the trade wind regime have characterized the mean state of the 
TMBL based on radiosonde, dropsonde, and aircraft data. Averaged or composited soundings 
from these campaigns have been used to create a series of thermodynamic and moisture profiles 
that have served as the initial state for the vast majority of LES and column model simulations of 
the western Atlantic trade wind environment (e. g. Sommeria and LeMone 1978, BOMEX Phase 
I, Stevens et al. 2001; BOMEX Phase III, Siebesma et al. 2003; RICO, VanZanten et al. 2011).  
Each representative profile used in these modeling studies was generated by averaging soundings 
from a subset of the experimental days during which the environment was characterized as 
“undisturbed” or “suppressed.” The Global Energy and Water cycle Experiment (GEWEX) 
Cloud System Studies (GCSS) RICO profile of RH, for example, appears on the right side of 
Fig. 3.18.  
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The current conceptual model of the tropical marine boundary layer (TMBL) is largely 
based on the mean state of the undisturbed environment to the exclusion of its inherent moisture 
variability.  This conceptual model consists of a sub-cloud mixed layer demarcated by the mixed 
layer top, a transition layer often containing very shallow clouds, and a deeper, poorly-mixed 
cloud layer extending to the tropical inversion (e.g., Betts 1997).  
The analyses presented in Chapter 2 and this chapter, together, imply that above the 
transition layer, high levels of moisture variability are common. Nevertheless, analyses of radar 
data reveal clearly defined structure to the variability not easily ascertainable from soundings. 
Figure 3.18 summarizes the implied characteristics of the RH field within the TMBL as inferred 
from the BSL analyses. Above the transition layer, the TMBL typically contains 3-4 persistent, 
stacked moist and dry layers, which, when viewed from a fixed location, can have lifetimes from 
a few hours to more than a day. The mechanisms by which these humidity layers form and are 
maintained are likely associated with the action of turbulent mixing creating stable layers that 
favor cloud detrainment. The top of the TMBL can vary in altitude over a time scale of hours as 
humidity gradients develop and dissipate through the action of mixing between the relatively 
moist air of the TMBL and the subsiding dry air aloft. Moreover, the TMBL top often can 
become poorly defined as shorter-lived (~hours) moist layers appear above a pre-existing, 
longer-lived moist layer, which, from a sounding point of view, would more likely be identified 
with the TMBL top.  
Highly variable tropical moisture profiles are not limited to the RICO campaign. The 
studies focusing on the mean undisturbed state stand in sharp contrast to the numerous studies 
looking at exceptions to the “expected” moisture profile (such as that shown in Fig. 3.18). 
Examples include sounding papers looking at q-reversals and double q-reversals (e.g., Betts and 
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Albrecht 1987, Kloesel and Albrecht 1989), multiple inversions (e.g., Cao et al. 2007), and 
(multiple) humidity drops (e.g., Mapes and Zuidema 1996). Given the radar portrayal (as shown 
in Fig. 3.18) and backed by satellite cloud-top height statistics, we believe that these 
“exceptions” may not really be exceptions, but may, in fact, be the rule; something that was 
repeatedly observed, but where observers lacked sufficient information to properly identify. 
6.  Summary and Conclusions  
This chapter explores Bragg scattering layers (BSLs) in the tropical marine boundary 
layer (TMBL) and their relationship to the vertical distribution of relative humidity (RH) and 
TMBL structure. In Chapter 2 we showed that BSLs are a common feature of cloud free regions 
of the western North Atlantic TMBL. We provided evidence that the radar BSLs exist in layers 
with tops defined by local RH minima and bases defined by local RH maxima. In this chapter, 
we provided arguments to explain how the BSLs form and are maintained.  We also examined 
the statistical behavior and longevity of the BSLs and the clear layers between them. Based on 
these results, we presented a revised conceptual model of the TMBL which is characterized by 
significant moisture variability and a deeper vertical extent than before. Furthermore, we 
provided evidence based on satellite measurements, that the layered RH structure is related, at 
least in part, to cloud structure within the TMBL.  
The key findings related to BSL structure and longevity as well as environmental 
influences on the BSLs were: 
1) On average 4-5 BSLs were present at any given time, including the BSL associated with 
the transition layer.   
2) BSLs and their clear layer counterparts each had a median thickness of ~350 m. 
3) BSLs had a median lifetime of 8.4 hrs, with ~25% having lifetimes in excess of 20 hrs. 
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4) The number of BSLs was largest at times when surface winds had the most southerly 
component and smallest for days when the winds were most northerly. 
5) Both BSLs and clear layers increased in depth with increasing rain rates, with the rainiest 
days producing layers that were ~100 m thicker than the driest days. 
The implications of these statistics on our understanding of the TMBL are: 
1) The mean RH field in the TMBL exhibits layering on large spatial scales (greater than the 
radar domain, ~90 km diameter circle), although local variations in the vertical structure 
of RH are common due to the proximity of detraining cloudy air (see Chapter 2.  
2) The layering of the RH field, based on the satellite comparison, results at least in part 
from detrainment of clouds at preferred elevations within the TMBL. Support for this 
conclusion was based on the high correlation between the satellite determined cloud top 
height frequency and the frequency of occurrence of BSL tops.  
3) The mean depth of the transition layer was 350 m, but exhibited a diurnal cycle whose 
mean ranged from 334 m in the daytime to 363 m at night. This diurnal cycle was due to 
variations in the depth of the mixed layer, which was deeper during daytime. The mean 
transition layer top exhibited no discernable diurnal variability.  The daytime thinning of 
the transition layer was in keeping with in-field empirical observations of shallow cloud 
dissipation following sunrise. 
As discussed in the chapter, maintenance of the BSLs can result from feedbacks between the 
RH field and cloud detrainment, turbulence, and large scale subsidence. Radiative processes may 
play a role as well. The role of each of these processes is beyond the scope of this dissertation. 
The trajectory study presented herein suggests that the BSLs observed over the radar were 
unlikely to have been advected across long distances over the Atlantic.  Rather, the BSLs appear 
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to result from the continual moisture modification of parcels from different source regions, 
whose persistence is most likely due to some combination of these positive feedback 
mechanisms.  
As noted in both the chapter introduction and Sec. 5, averaged or composited soundings have 
been used to determine mean TMBL structure and have been used to initialize many LES and 
column model simulations of TMBL characteristics. The data presented herein, particularly the 
variability and layering of the RH field indicated by the BSLs, calls into question the 
applicability of “mean state” soundings to characterize the trade wind layer.  In Chapter 4 we 
explore the trade wind environment’s variability further by presenting statistical analyses of the 
RICO sounding data set.   
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8.  Figures 
 
 
 
Fig. 3.1: Cartoon detailing how a turbulent mixed layer imposed on an environment with 
constant lapse rates of θ and q (a,c) can generate a layered RH profile and subsequent BSLs with 
no influx of heat or moisture (b,d).   
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Fig. 3.2: Radar reflectivity scan (dBZ) showing pre-existing BSLs (rings of ~-15 dBZ just inside 
the 30 km range ring), and the preferential detrainment of cloudy air into them (range gates with 
-10 – 20 dBZ NE of the radar). 
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Fig. 3.3: Example of data processing of the BSLs required in order to calculate statistics.  BSL 
data points (a) were grouped, and a 15 min – wide moving window average was then calculated 
at 5 min intervals to generate regularly gridded data (b).  In (a), red (blue) dots each denote the 
top (base) of a BSL for a single radar Plan Position Indicator scan. In (b), red (blue) segments 
each denote the average top (base) of a BSL. 
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Fig. 3.4: (Blue, solid) Mean number of BSLs as a function of time of day, calculated at 5 min 
intervals for the entire RICO project. This mean excludes the BSL associated with the transition 
layer. The dashed red lines show ± 1σ from the mean values. The solid black line shows the 
project wide average. The black dots show the maximum number of BSLs detected for a given 
time interval, again excluding the transition layer.  
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Fig. 3.5: (Solid Blue) Median BSL depths as a function of time of day, calculated at 5 min 
intervals for the entire RICO project. The 30
th
 and 70
th
 percentiles are shown in red and the 10
th
 
and 90
th
 are shown in green.  The project wide median is shown by the solid black line at 347 m.  
Sunrise and sunset are indicated by the solid vertical black lines, and the daytime (orange) and 
nighttime (teal) values of the percentiles are shown. The range of BSL depths is given by the 
brown dots.  
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Fig. 3.6: As in Fig. 3.5, but for the clear layers between the BSLs. 
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Fig. 3.7: (a) BSL tops (red) and bases (blue) for elevation angles ≥ 5º on 24 December 2004.  
The transition layer BSL top and base for elevation angles between 1 and 2º are shown in black 
and green, respectively. (b,c) Reflectivity (dBZ) scans demonstrating how differences in 
sampling geometry can lead to the detection of smaller scale, transient phenomenon in the time 
height diagrams for higher elevation angles. The transient features were averaged out when using 
lower elevation angles.  
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Fig. 3.8: (a) The mean altitudes of the mixed layer (solid blue) and transition layer (solid red) 
tops as functions of time of day. The means ± 1σ are given by the dashed curves. (b) The average 
thickness of the transition layer as a function of time of day. Solid vertical lines indicate sunrise 
and sunset. Mean depths for daytime (solid red line), nighttime (solid blue line), and total (solid 
black line) are also shown. The mean depth’s diurnal range is 92.6 m, as indicated by the blue 
and red Xs.  
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Fig. 3.9: Cumulative frequency of occurrence of BSL lifetimes subdivided by branching 
structure for (a) all BSLs, (b) BSLs with no gaps in sampling, (c) BSLs with one end of their 
lifetimes terminated by a data gap, and (d) BSLs with both ends terminated by data gaps. The 
number of BSLs in each category is displayed on the plots. 
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Fig. 3.10: Cumulative frequency of occurrence of BSL lifetimes subdivided by relative location 
for (a) all BSLs, (b) BSLs with no gaps in sampling, (c) BSLs with one end of their lifetimes 
terminated by a data gap, and (d) BSLs with both ends terminated by data gaps. The number of 
BSLs in each category is displayed on the plots. 
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Fig. 3.11: (a) 3½ day montage of radar BSL data plotted with earliest time (1400 UTC on 01 Jan 05) plotted on the right. (b) HYSPLIT model 
back-trajectories starting at the radar at 1400 UTC on 01 January 2005. 
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Fig. 3.12: Daily area averaged rainfall rate (
dR , mm day
-1
), with 
dR  sorted from rainiest to least 
rainy day, and a cumulative frequency distribution of 
dR .  From Snodgrass et al. (2009). 
 8
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Fig. 3.13: Median BSL depth for each day, with days arranged as a function of rain rate 
according to Fig. 3.12 and the associated trend line (with equation shown) (both shown as solid 
blue curves).  Percentiles are shown as in Fig. 3.5. Also shown is the project wide median depth 
of 347 m (dotted line). 
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Fig. 3.14: Same as in Fig. 3.13, but for the clear layers between the BSLs.  
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Fig. 3.15: Mean number of BSLs (solid blue line, scale on left) ± 1σ (dashed red lines) as a 
function of surface wind direction. The number of 5-min samples as a function of surface wind 
direction (green histograms, scale on right). 
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Fig. 3.16: Cloud top height distribution as a function of cloud diameter for 90 m resolution 
cloud-filled pixels from ASTER data. From Zhao and Di Girolamo (2007).   
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Fig. 3.17: a) The cloud top height distribution for clouds of all diameters (same as in Fig. 3.16). 
b) The BSL top height distribution for all BSLs observed during RICO.  The correlation 
coefficient between these two curves is 0.92.  
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Fig. 3.18:  Conceptual model of the TMBL based on the radar determined portrayal of the typical 
trade wind profile observed during RICO.  BSLs are shaded green with their tops (red) 
associated with RH minima and their bases (blue) associated with RH maxima. 
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CHAPTER 4.  A STATISTICAL CHARACTERIZATION OF THE VARIABILITY 
INHERENT IN THE THERMODYNAMIC PROPERTIES OF THE TRADE WIND 
REGIME 
 
 
1. Introduction 
Campaigns carried out in the trade wind regime have characterized the mean state of the 
TMBL based on soundings. Averaged or composited soundings from these campaigns have been 
used to determine representative heights at which key layers occur (e.g., Malkus, 1958; Betts & 
Albrecht, 1987, Kloesel & Albrecht, 1989; Yin & Albrecht, 2000) and to contrast structural 
differences between various trade wind regimes (e.g., dry vs. rainy [Nuijens et al., 2009], clear 
vs. cloudy [Pennell & LeMone, 1974], transition layer vs. no transition layer [Yin & Albrecht, 
2000], and q reversals vs. no q reversals [Kloesel & Albrecht, 1989]).   
Studies carried out over the western tropical North Atlantic Ocean have culminated in a 
series of averaged thermodynamic and moisture profiles that have served as the initial state for 
the vast majority of LES and column model simulations of the western Atlantic trade wind 
environment (e. g. BOMEX Phase I, Stevens et al. 2001; BOMEX Phase III, Siebesma et al. 
2003; RICO, VanZanten et al. 2011).  Each representative profile used in these modeling studies 
was generated by averaging soundings from a subset of the experimental days during which the 
environment was characterized as “undisturbed.” These simulations have been used, for 
example, to quantify fractional entrainment and detrainment rates of trade wind cumuli 
(Siebesma and Cuijpers 1995, Siebesma and Holtslag 1996, Neggers et al. 2002, de Roode and 
Bretherton 2003, de Rooy and Siebesma 2008), determine aerosol effects on clouds, 
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precipitation, and the organization of shallow convection (Xue and Feingold 2006, Xue et al. 
2008), examine the controls on size statistics of shallow cumulus (Neggers et al. 2003), and 
develop parameterizations for GCMs (e.g., von Salzen and McFarlane 2002, Berg and Stull 
2005).  
The undisturbed mode of the trades is generally characterized by small non-precipitating 
cumuli.  However, as noted by several papers (e.g., Johnson et al. 1996, 1999, Zhao and Di 
Girolamo 2007, Knight et al.  2008, Nuijens et al. 2009, Snodgrass et al. 2009, Arthur et al. 
2010, Reiche and Lasher-Trapp 2010, and Minor et al. 2011) the trades frequently support 
convective clouds that precipitate and exhibit a range of cloud top heights extending up to and 
above the freezing level (~4.5 km).  This disturbed mode of the trades, observed during many 
days of the RICO experiment, represents an important aspect of the trade wind environment that 
has not been well investigated. 
 This chapter focuses on the variability of TMBL properties, rather than the mean state of 
the undisturbed TMBL. In Chapter 2 we provided evidence that the vertical boundaries of radar 
Bragg scattering layers (BSLs) could be used to track local RH minima and RH maxima, and are 
a common feature of cloud free regions of the western North Atlantic TMBL. In Chapter 3, we 
provided arguments to explain how the BSLs might form and be maintained, examined the 
statistical behavior and longevity of the BSLs, and presented a revised conceptual model of the 
TMBL which is characterized by significant moisture variability and a deeper vertical extent 
than before.  
The purpose of this chapter is to investigate the statistical thermodynamic, moisture, and 
kinematic properties of the TMBL over the western North Atlantic, regardless of mode.  In this 
chapter, we use the complete set of island-launched soundings from RICO to compare the 
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statistical characteristics of the TMBL environment regardless of mode with the same 
characteristics for the undisturbed mode used as a basis for trade wind cloud simulations by 
GCSS investigators (VanZanten et al. 2011). We examine how the moisture variability evident 
from the BSL investigations in Chapters 2and 3influences the thermodynamic structure of the 
TMBL and how moisture variability impacts current conceptualizations of TMBL structure. We 
address questions regarding the use of single or averaged soundings to characterize the tropical 
trade wind regime.  These include: 1) Do average or composite profiles adequately describe the 
nature of the moisture variability commonly present in individual soundings?  If not, what 
important features are lost in the compilation process?  2) Is the moisture variability small 
enough in the trade wind regime for any single sounding to adequately describe the moisture 
profile at the spatial and temporal resolution that soundings are commonly launched?  If not, 
what is the scale of the moisture variability?  
2. Data Sources and Methodology 
The data presented in this chapter were obtained during the RICO field campaign 
(Rauber et al. 2007), which was carried out in December and January of 2004-5. The data consist 
of Vaisala RS92 rawinsondes launched from Barbuda at either Spanish Point or the S-Pol radar 
site from the entire RICO campaign (See Fig. 2.2). Two to six rawinsondes were launched daily 
depending on flight operations. The RS92 provides improved humidity measurements over 
previous versions due to pre-launch reconditioning and a heated twin-sensor design (Währn et al. 
2004). Measurements were recorded at 1 Hz (~5 m intervals). The final RICO quality controlled 
sounding data set consists of 141 rawinsondes. 
In order to capture the full extent of the environmental variability detected by the 
rawinsondes, the data was linearly interpolated to 1 m as in Chapter 2 Soundings which traversed 
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clouds were included in these analyses. The rawinsonde data are presented using essentially the 
same approach as the Contoured Frequency by Altitude Diagrams utilized by Yuter and Houze 
(1995), although the diagrams provided herein use actual bin values (henceforth referred to as 
Frequency by Altitude Diagrams (FADs)).  This statistical technique allows full characterization 
of the variability and modal characteristics of the environmental profiles.  In keeping with the 
analysis of Zhao and Di Girolamo (2007), which was utilized in Chapter 3 vertical bins of 100 m 
depth were used, with the data being normalized for each altitude bin. Both fundamental 
meteorological variables, as well as their gradients were examined. Gradient calculations were 
made by direct subtraction (higher altitude value - lower altitude value) for a given variable 
across a chosen height interval (dz = (a) 50, (b) 100, and (c) 350 m). The midpoint between the 
two heights was used to determine in which elevation bin the resulting gradient belonged.  In 
light of the results of Chapters 2 & 3 (namely, that both Bragg Scattering Layers (BSLs) and the 
clear layers separating them have median depths of 350 m), the three gradient intervals chosen 
roughly reflect (a) sub-layer variability, (b) a combination of sub-layer and cross layer 
variability, and (c) cross layer variability. 
Data was grouped into five categories: 1) all soundings (ALL); 2) soundings from the 
suppressed period chosen by the GCSS working group, 16 December 2004 – 8 January 2005 
(GCSS); 3) soundings excluded from this GCSS period (All–GCSS); 4) suppressed soundings 
(SUP), as determined by rain rates < 2 mm day
-1
 from Snodgrass et al. (2009); and 5) active 
soundings (ACT), as determined by rain rates > 2 mm day
-1
 from Snodgrass et al. (2009). The 
GCSS and SUP soundings will jointly be referred to as “undisturbed” and the All-GCSS and 
ACT soundings as “disturbed” periods. 
3. Results 
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a) Relative Humidity (RH). The RH field is highly variable (Fig. 4.1). For all data between 
2 and 4 km, any value of RH between 0 and 100% has an almost equal probability of occurrence.  
There are no peaks in the distributions between these two elevations. Below 2 km, the main 
peaks are ~20% wide, and the minimum ranges in RH (near the mixed layer top) are >30%. 
Around 4 km, wide peaks in the distributions appear below 15% RH, but don’t sharpen until 5 
km elevation and above.  
When subdividing the days, the RH distributions of the undisturbed sets below 2 km 
generally tend to be a bit drier in both median and leftward extent of the range than the disturbed 
sets. Above 4 km, the rightward extent of the range for the undisturbed sets appears to be less 
moist than in the disturbed sets. However, exceptions to these trends in the distribution tails both 
above and below the 2-4 km region can be seen. All 4 sets are highly variable in the 2-4 km 
region. The dry peaks in the RH distributions seem to first appear at lower altitudes for the 
undisturbed sets than for the disturbed sets. This is especially true for the GCSS cases, whose 
first dry peaks appear at ~3 km elevation. However, when cross comparing the data sets, it 
appears that many of the soundings responsible for these lowest dry peaks in the GCSS FAD 
were re-characterized as disturbed and thus belong to the ACT sounding set (and not SUP). 
The undisturbed medians were generally drier than the disturbed ones, with many of the 
greatest differences occurring in the 2-4 km region. However, above 4 km, there were 
appreciable differences when cross comparing the sets. At 4.5 km and above, the GCSS median 
is moister than the All-GCSS median, while the SUP median remains drier than the ACT 
median. Between 4 and 5.5 km, the ACT median is much moister than all the others, with a step-
like drop off in RH at the top of this region.  
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The FAD of ALL vertical RH gradients (dz = 350 m) shown in Fig. 4.2 exhibits several 
noteworthy characteristics. The first point of note is the large spread in the range of RH values 
found. This range encompassed both drop offs of nearly 100% RH (350 m)
-1
 
3
 and increases of 
more than 60% RH (350 m)
-1
, as well as nearly every possible gradient value in between. The 
second point is that the spread is surprisingly symmetric about the RH = 0 gradient line, given 
that we expect RH to decrease with height. The peaks in the distributions below 4 km are fairly 
flat. 
b) Specific Humidity (q).  Like the RH FAD, the q FAD for ALL data shows wide ranges in 
observed values for given altitude bins, with a maximum range of nearly 13.5 g kg
-1
 centered 
around 1550 m (see Fig. 4.3e). For the disturbed cases, q is generally higher than for the 
undisturbed days, especially between 2 and 4 km (see Fig. 4.3 a-d). The q median values for this 
altitude range are typically 2-3 g kg
-1
 higher for disturbed cases than for undisturbed cases. 
Direct parallels can be drawn between the RH observations and those observed in q. 
c) Temperature.  Overall, there was little variability in the temperature data, with ~10 K as 
the maximum spread in temperature at any given altitude for ALL soundings during the project 
(see Fig. 4.4).  The medians tended to be ~1 K colder for the disturbed cases than for the 
undisturbed between 2.5 and 4.5 km. Between 2 and 4 km, the disturbed distributions peaks were 
~1-2 K colder than for the undisturbed cases. Both disturbed categories exhibited stronger peaks 
in preferred temperature bins than did the undisturbed categories between the transition layer top 
(~800 m) and 4 km (not shown). In particular, the undisturbed temperature distributions from 1.5 
– 2.5 km were fairly flat.  
                                                 
3
 Note: Clouds were not filtered from the sounding data, and there were a few instances of slight supersaturation 
recorded. 
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Temperature gradients are of particular interest in this environment, since the TMBL top is 
commonly associated with a temperature inversion.  However, as can be seen from both the 50 m 
and 350 m temperature gradients for ALL data (Fig. 4.5 a,b), there were no preferred inversion 
heights.  In fact, inversions were found at all altitudes above 1.2 km for both gradient ranges. 
d) Wind Direction.  According to Fig. 4.6, the median surface wind direction was 70˚, with 
the median wind in the lowest kilometer veering to almost 80˚. Above this altitude, the median 
wind gradually began backing until ~4 km, where it backed much more rapidly, reaching 0˚ at ~5 
km altitude. Below ~4 km, both disturbed classifications had median winds that were less 
northerly than the total median wind, while both undisturbed classifications had winds that were 
more northerly.  Around 4 km altitude, this trend switched for all 4 classifications: the disturbed 
subsets’ median winds more northerly than the total, and the undisturbed ones less northerly. 
Surprisingly, the disturbed wind direction medians reached 0˚ below 4.5 km while the 
undisturbed wind direction medians reached 0˚ above 5 km.  This is interesting when we 
consider the results from Chapter 3. The disturbed classifications here best correlate to days with 
higher rain rates.  In Chapter 3, days with higher rain rates had deeper clear and Bragg layers 
than days with lower rain rates, without any apparent relationship to the number of layers.  
However, more layers were associated with surface winds that were less northerly, and fewer 
layers with winds that were more northerly.  Here, the disturbed median winds were consistently 
less northerly in the lowest 4 km than the undisturbed median winds, implying the disturbed 
cases would also have more layers. However, if we assume that an appreciable wind shift would 
act as a lid on the boundary layer (e.g., by rapidly mixing out any moist air intrusions from 
clouds) , then the median wind-inferred top to the boundary layer is actually lower for disturbed 
days than it is for undisturbed days, with disturbed days having a “stronger lid” implied by 
 99 
 
stronger directional shear. The inference is that wind direction may be more of a limiting factor 
to TMBL growth on disturbed days than it is on undisturbed ones.  
e) Wind Speed.  The median wind profile for all data is characterized by a core of strong 
winds which increase slightly from just below to just above 10 ms
-1
 through the mixed and 
transition layers (100-750 m) (Fig. 4.7).  Between 750-2800 m there is an almost linear drop off 
of wind speed with height (with the exception of a small departure from this trend centered 
around 2 km). Between 2800 and 5200 m, the median wind speed is nearly constant at ~6 ms
-1
, 
and generally increases with height above this layer.  The wind speeds at all levels ranged over 
15+ ms
-1
, with the majority of the observations below 4 km within 4 ms
-1
 of the median value. 
f) Equivalent Potential Temperature (θe). The θe distribution is very wide (see Fig. 4.8). 
Throughout the mixed and transition layers, as well as above 5 km, the range of θe values is on 
the order of 15 K.  The range of θe values for the altitudes between these increases greatly, 
having a maximum range of ~35 K near 2 km altitude. This large spread in the mid-level altitude 
range of θe values reflects both the influence of the moistening from the ocean as well as the 
infiltration of dry air from aloft.  Visually, one can trace the (positively sloped) higher-altitude 
distribution peaks downward to account for the lowest θe values near 2 km.  The influence of the 
oceanic moisture influx can be seen throughout the warmer (more upright, but negatively sloped) 
θe values on the right side of the distribution.  
For the mixed and transition layers, all four classifications agreed fairly closely.  However, 
both disturbed classifications had more peaked distributions which were also slightly warmer (~1 
K) than those associated with the undisturbed days in these layers.  The distributions of θe above 
the TMBL top for the disturbed cases were also much more peaked than the undisturbed cases.  
For the mid-level altitudes, the ocean influenced portion of the θe distribution is slightly bi-modal 
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with the colder peak more closely associated with the undisturbed days and the warmer peak 
more closely associated with the disturbed days. This difference is a reflection of moisture 
differences only, since the comparisons of the potential temperature medians (not shown) reveal 
that the undisturbed cases have the warmer median θ profiles, ranging from roughly the same at 
the transition layer top, to ~1 K difference at 3 km, to ~2 K difference at 4 km. 
The limit of the upward extent of the moist air varies with sounding classification.  The moist 
air tended to extend higher on the disturbed days than on the undisturbed days. Using both the 
median value curves and the ridges of strong peaks associated with the dry air aloft as guidelines, 
one can state that for the ACT cases, appreciable moisture generally extended up to ~4300 m; for 
the All-GCSS cases, ~4000 m; for the SUP cases, ~3600 m; and the GCSS cases, ~3300 m. For 
the disturbed cases, this general upward limit is near in altitude to those altitudes where the wind 
direction shifts from more easterly to more westerly.  For the undisturbed cases, these two 
processes appear to be decoupled.  
g) Virtual Potential Temperature (θv).  Looking at the FAD for all θv profiles (Fig. 4.9a), it is 
evident that the “cloud” layer portion of the atmosphere is more stably stratified than either the 
mixed and transition layers below or the free atmosphere above. This is further revealed in the θv 
gradient FAD (dz = 50 m), where the highest-valued θv gradients occur along a ridge between 
1.4 and 2.4 km and gradually decline with height above this level (Fig. 4.9b).  The occurrence of 
highest-valued peaks at these altitudes is in keeping with the idea of the TMBL top being located 
between 1.5 and 2 km in the current conceptual model of this environment.  However, the right 
tails of these distributions appear to have little dependence on height above 1.5 km, indicating 
that regions of large static stability occur at all altitudes—and thus are not limited to the idealized 
levels of the current conceptual model. As expected, potential temperature (not shown) is more 
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stably stratified than θv within the cloud layer, reinforcing the destabilizing effect moisture in this 
layer has on the atmosphere. 
Negative gradients of θv were observed, the strongest of which were often associated with 
soundings that took measurements either in or near clouds.   Surprisingly, negative gradients 
could be associated with either the sounding exiting the (near) cloudy air or entering it (see Fig. 
4.10).  Generally we expect clouds to be warmer than their environment.  However, upon 
examination, many of the largest negative gradients of θv were observed when the cloudy air was 
colder than the environment (e.g. Fig. 4.10a,b).  Perhaps the portions of the clouds being 
sampled had overshot their neutral buoyancy level or were decaying.  In these instances, 
instrument wetting and subsequent evaporative cooling could clearly be ruled out as a possible 
explanation for the negative θv gradients. In fact, any wetting and subsequent evaporative cooling 
that did occur would act to decrease the magnitude of the negative θv gradients for these cases, 
meaning that, if anything, the environment was actually more unstable than indicated by the 
soundings in these instances. However, comparable negative θv gradients were also noted where 
the clouds were warmer than their environment. In these instances, instrument wetting and 
subsequent evaporative cooling could be considered a valid explanation for what was being 
measured. But, given that the largest negative gradients are coming from cases where the clouds 
are colder than the environment, that we generally expect clouds to be warmer than their 
environment, and that many of the instances in question are still in a highly humid region, we 
hesitate to attribute these negative θv gradients completely to sensor wetting and evaporative 
cooling. When consulted, sounding experts at NCAR Junhong Wang and Terry Hock, expressed 
the opinion that many of the largest negative θv gradients for soundings where the cloudy air was 
warmer than then environment represented true environmental instability (e.g., Fig. 4.10c,d), 
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although cases where sensor wetting and evaporative cooling influenced the negative θv gradients 
could be found as well. The key discriminator is correlation between the humidity and 
temperature measurements, given that they are measured by different instruments on the 
sounding package. When the two measurements are perfectly correlated or anti-correlated, then 
the measurements are most likely real.  When the two are not in sync, cooling upon exiting cloud 
is most likely attributable to evaporative cooling of the wetted sensor. The critical point of all of 
this is to say that, instances of true instability can be detected in this environment which, 
however generated, suggest that there is sufficient turbulence to support Bragg scattering. 
h) Bulk Richardson number (RB).  The gradient Richardson number, derived from theory, 
determines whether atmospheric flow is turbulent or laminar. The gradient Richardson number 
must drop below R = 0.25 in order for laminar flow to become turbulent, or must climb above R 
= 1 for turbulent flow to become laminar.  In practice, the Bulk Richardson number, RB, is 
calculated from soundings to estimate the likelihood that air flow will be turbulent and is given 
by: 
    22 VU
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, 
where g is the gravitational acceleration, Δθv is the virtual potential temperature gradient, Δz is 
the vertical gradient, v  is the average virtual potential temperature, and U and V are the 
mean gradients of the eastward and northward wind components, respectively. Due to the 
relative coarseness of the vertical gradients used in RB calculations, the critical values for RB will 
exceed those for the gradient Richardson number, with values dependent on the vertical gradient 
resolution (e.g., Stull 1988). A FAD of RB is shown in Fig. 4.11. Although the distributions of 
 103 
 
RB are wide, the ridge of peaks between RB = 0 and RB = 1 for z = 50 m clearly indicate that the 
turbulence necessary for Bragg scattering is regularly present in this environment. 
4.  Discussion and Conclusions 
 In this chapter, the Barbuda launched soundings from RICO were analyzed using 
Frequency by Altitude Diagrams (FADs) in order to capture the variability present in the various 
thermodynamic variables. The results and their implications are: 
1) The dominate feature of the TMBL is the moisture variability. There is an almost equal 
probability of any value of RH between 2 and 4 km.  In Chapters 2 and 3, we showed that there 
is a layered structure to the moisture variability which was manifest in the radar via layers of 
Bragg scattering (e.g., Fig. 4.12). This general moisture layering is verified by the wide range of 
RH gradients across 350 m, from positive gradients as large as 60% or more to negative 
gradients of more than 95%. Fig. 4.12a, which shows 6 dropsondes released ~5 min and 30 km 
apart around a 60-km diameter circle (ref. Chapter 2), illustrates the consensus of these three 
works. Namely, that individual moisture profiles are not realistically capable of detecting a 
representative moisture profile for this environment—because in the traditional sense, one does 
not exist. The moisture variability is too high. However, the radar analysis shown in Chapters 2 
and 3 reveals that there is structure present which influences the heights at which cloudy air will 
preferentially detrain, which in turn is probably the most significant source of the high moisture 
variability (ref. Fig. 4.12 and Chapter 3). Time height diagrams of the BSL structure provide 
more robust depictions than soundings of the structure of this environment. When paired 
together, they jointly reveal a complex but definitive characterization of the highly variable 
nature of moisture in this environment. 
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2) Many instances of absolute instability could be found in this environment across 50 m 
intervals and calculations of Bulk Richardson number indicated that there was sufficient 
turbulence in this environment to sustain the Bragg scattering seen in the radar.  
3) There were no dominant heights for temperature inversions and the inversions found were 
fairly weak.  
4) The dichotomy of the dry air descending from aloft and the moistened air ascending from 
below can be seen in the θe FAD. If one defines the tropical marine boundary layer as the part of 
the atmosphere that is influenced by the ocean’s moisture, then θe would indicate that the top of 
the boundary layer is around 4 km in this environment during the suppressed season.  
 The undisturbed mode is not the only mode of the TMBL, although it is the focus of most 
studies which explore the “typical state” of this environment or look to develop 
parameterizations for it. Many days during RICO were considered to be disturbed. In order to 
compare the environmental differences between these two modes, two different methods of 
classification for disturbed vs. undisturbed modes were examined. The results are discussed 
below.  
1) On disturbed days, directional wind shear was coincident with the top of the moist layer.  
On undisturbed days, the two parameters were not coincident. However, the more southerly 
winds in the lowest 4 km for the disturbed cases in conjunction with the trend for more BSLs 
when the surface winds were more southerly (Chapter 3) imply that the disturbed days occurred 
when lower boundary layer air was transported into the region from more tropical latitudes.  
2) The disturbed days are generally more moist than undisturbed days, although this is not 
always the case. The moisture variability is extreme for all cases. 
 105 
 
3) Appreciable moisture tends to extend higher on disturbed days than undisturbed ones, 
with the difference in upward extent generally less than 1 km between the disturbed and 
undisturbed regimes. 
4) The disturbed days are generally ~1 K colder than undisturbed days between 2 and 4.5 
km. This stands in contrast to the observation that the winds on the disturbed days tend to come 
from more tropical latitudes. One possible explanation is that more evaporative cooling is 
occurring within this altitude range on disturbed days.  
This work has implications for how we view this environment with respect to modeling. 
The over-simplified and highly suppressed conditions that often characterize many model 
simulations of this environment are not representative of the typical conditions observed in this 
environment during RICO. This statement is underscored by the GCSS initialization profiles 
plotted in the non-gradient FADs. Modeling studies which incorporate the layered structure and 
high level of moisture variability should be undertaken to ascertain how such variability affects 
our perception and parameterizations of this environment, especially as they pertain to the 
radiation, energy, and water budgets of the tropics. 
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6.  Figures 
    a)         b) 
 
    c)         d)  
 
Fig. 4.1   
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    e) 
 
 
Fig. 4.1 (cont.):  Frequency by Altitude Diagrams (FADs) of 
RH for Barbuda-launched soundings associated with (a) the 
GCSS cases, (b) the ALL-GCSS cases, (c) the SUP cases, (d) 
the ACT cases, and (e) ALL soundings. RH bins are 2% wide 
and altitude bins are 100 m wide.  The median for ALL 
soundings is shown in solid black, the GCSS RICO 
initialization profile in dashed black, and the GCSS BOMEX 
initialization profile in dashed red. For (a)-(d), the current 
figure medians are shown in magenta. In (c) and (d) the 
medians from (a) and (b), respectively, are shown in red. 
 
 
 
 
Fig. 4.2:  FAD of RH for z = 350 m. Bins for RH are 2.5% 
wide and altitude bins are 100 m wide. Altitudes are binned 
using the mid-point between the two points used to find each 
RH. The median profile is shown in black.   
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    a)         b) 
 
    c)         d)   
 
Fig. 4.3
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    (e) 
Fig. 4.3 (cont.): FADs of specific humidity (q), with 0.5 g kg
-1
 
wide q bins.  Details are the same as in Fig. 4.1. 
 
   a) 
 
 
 Fig. 4.4:  FAD of temperature (T), with 1 K wide T bins.  
Details are the same as in Fig. 4.1(e).  
 
 
    b) 
 
Fig. 4.5:  FADs of T for z = (a) 50 m and (b) 350 m. Both  have .05 K wide T bins and units are matched to z = 50 m intervals 
for easy comparison. Both the dry adiabatic lapse rate and isothermal curve are plotted, in addition to the figure medians, all in black.
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Fig. 4.6 
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    e) 
Fig. 4.6 (cont.):  FADs of wind direction, with 10˚ wide 
directional bins.  Details are the same as in Fig. 4.1. 
Fig. 4.7:  FAD of wind speed, with 1 m s
-1
 wide bins.  Details 
are the same as in Fig. 4.1 (e).
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    d) 
 
Fig. 4.8 
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    e) 
 Fig. 4.8 (cont.):  FADs of equivalent potential temperature 
(θe), with 1 K wide θe bins.  Details are the same as in Fig. 4.1. 
 
 
 
    a) 
    b) 
        
        
        
                    
Fig. 4.9: (a) FAD of virtual potential temperature (θv), with 1 K 
wide θv bins.  Details are the same as in Fig. 4.1(e). (b) FAD of 
 θv for z = 50 m, with .05 K wide θv bins for z = 50 m 
intervals. The neutral buoyancy curve and the figure median 
are shown in black.
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    a)         b) 
 
    c)         d) 
Fig. 4.10: θv profiles [(a) and (c)] and RH profiles [(b) and (d)], from two different soundings. The 041231 235845 UTC sounding 
shown in (a) and (b) has a very unstable layer around 1700 m which corresponds to the outside environment being almost 2 K warmer 
than the in cloud θv.  The 041216 105340 UTC sounding shown in (c) and (d) has multiple very unstable layers which (e.g., ~3250 and 
~3450 m) which correspond to the outside environment being almost 2 K colder than the in cloud θv. The altitude cohesion in the θv 
and RH profiles in (c) and (d) suggest that the measurements are real and not a result of instrument wetting.  
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Fig. 4.11:  FAD of Bulk Richardson Number (RB) for z = 50 
m, with .1 width bins. Critical values of RB = 0, 0.25, and 1, as 
well as the figure median are shown in black. 
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         b) 
Fig. 4.12 (cont.): (a) RH profiles from one of the 34 sets of near-coincident dropsonde released from the C-130 during field 
operations.  The dropsondes were released 5 min and 30 km apart around a 60 km diameter circle (ref. Chapter 2 for details).  The last 
plot shows all 6 RH profiles on the same graph for comparison.  Despite the close proximity in space and time of the soundings, the 
estimated TMBL tops (e.g., dotted red lines) can “jump” around by as much as 2 km, depending on how they were defined and which 
sounding was being viewed. The paired red and blue dotted lines represent altitudes where we would anticipate BSLs in the radar data. 
(b) Radar BSLs for the several hour period surrounding the release of this dropsonde set. Note that the anticipated TMBL tops from 
the soundings (numbered 1-3) all correspond to long-lived BSLs detected with the radar. 
 
  BSL 1  
 
    BSL 2   
  
    BSL 3   
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CHAPTER 5.  DISCUSSION AND CONCLUSIONS 
  
 
 The goal of this dissertation has been to develop an improved conceptualization of the 
TMBL that incorporates the concept of moisture variability. This study used data from the Rain 
in Cumulus over the Ocean (RICO) experiment conducted over the Atlantic Ocean near the 
island of Barbuda between 24 November 2004 and 24 January 2005. Data used here included 
measurements from the NCAR S-band 10-cm wavelength radar, Vaisala RS92 rawinsondes, 
thirty-four sets of ~6 near-coincident NCAR GPS dropsondes released from the NCAR C-130, a 
portable automated mesonet (PAM) station on Barbuda, and the Multi-angle Imaging 
Spectroradiometer (MISR) on board the NASA Terra satellite.  
 Using clear-air Bragg scattering retrievals from the S-band radar, a methodology was 
developed to map out the structure of the moisture field. This methodology consists of 1) the 
development and use of an algorithm based on the Haar wavelet to locate the tops and bases of 
Bragg scattering layers (BSLs) for given radar scans and 2) combining this altitude information 
with radar scan times to produce time height diagrams of the mean BSL field observed by the 
radar. It was both hypothesized and shown that the tops of BSLs are associated with local 
relative humidity (RH) minima and the bases of BSLs with local RH maxima. Thus mapping 
BSL structure is analogous to mapping the mean structure of the RH field.   
 This dissertation demonstrates that the moisture field of the TMBL is highly variable 
both spatially and temporally. Comparison of near-coincident dropsondes released during RICO 
in sets of ~6 reveal humidity differences of up to 70% RH (8 g kg
-1
) measured at the same 
altitudes within 30 min and 60 km. TMBL top heights derived from dropsondes could vary by 2 
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km or more within a single set of near-coincident dropsondes. In general, a proxy BSL detected 
in the mean profile for a set of 6 near-coincident dropsondes was successfully matched with a 
proxy BSL in only 4 of the 6 of the dropsondes comprising that set. What the dropsonde sets 
imply is that single soundings cannot be reliably used to construct a representative moisture 
profile for temporal and spatial scales less than 30 min and within 60 km in the TMBL, in large 
part because such a profile does not exist there. The moisture variability is too high. Further 
evidence of moisture variability was demonstrated using the frequency by altitude diagrams 
(FADs) from the RICO rawinsondes. Although the temperature structure of the TMBL exhibited 
little variability, it was found that there was an almost equal probability of any value of RH 
between 2 and 4 km altitude. 
 Despite the moisture variability present, the typical structure revealed by the BSL time-
height diagrams indicated long-lived and coherent structure to the moisture field. The BSLs had 
median lifetimes of ~8 hrs, with 25% of them having lifetimes longer than 20 hrs. On average 
there were 4 or 5 BSLs present at any given time, and their median depths along with the median 
depths of the clear layers that separated them were 350 m. Their depths tended to increase with 
increasing rain rate and their number tended to increase with more southerly surface winds.  
 Given the robustness of the BSL statistics, combined with the high level of moisture 
variability, and the transient nature of the Bragg scattering phenomenon, we must conclude that 
positive reinforcing mechanisms exist which provide continual forcing to create a steady state 
system for moisture layering within the TMBL. In the dissertation, arguments were presented 
that a combination of large scale subsidence aloft, preferred altitudes of cloud detrainment, 
turbulent mixing, and (perhaps) radiative forcing act together to create and maintain coherent 
moisture layers consistent with the persistent BSL structure observed in the TMBL. Comparison 
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of BSL top heights with satellite derived cloud-top heights provided further evidence that cloud 
detrainment is largely responsible for the moisture variability observed with the soundings. 
Given that BSLs are regions of increased static stability and assuming that BSL structure is 
already in place, preferred altitudes for cloudy air detrainment exist. Knowing that clouds within 
the trade wind regime are often scattered and their tops tend to stair-step in height, it is not 
difficult to comprehend why the near-coincident dropsonde moisture profiles were so highly 
variable. Proximity (or the lack thereof) of soundings to the outflow from detraining clouds and 
the particular altitudes at which the clouds are detraining most likely dominate the sounding 
moisture profiles. Individual soundings do reveal many of the same relevant heights
4
 depicted in 
the BSL time-height diagrams, but rarely will a single sounding capture all of them. 
 Statistical studies of the BSL structure presented here achieve the intent of many past 
sounding studies in the TMBL, namely, to identify the dominant structural framework of this 
environment. This framework consists of 3-4 persistent, stacked moist and dry layer pairs above 
the transition layer, which, when viewed from a fixed location, can have lifetimes from a few 
hours to more than a day (Fig. 3.18).  
 Past TMBL studies largely focused on soundings alone. The current conceptual structure 
of the TMBL is based on averaged soundings. Any choice to average soundings in an effort to 
produce a representative moisture profile for this environment—which is dominated by 
extremely moist air near the surface and extremely dry air aloft—will generate the same profile 
with little variability. The analysis method predetermines the results, which, given the highly 
variable nature of the moisture field in the TMBL, rarely resemble sampled profiles. So while the 
average moisture profile itself is robust, the question remains as to whether it represents the 
                                                 
4
 By same relevant heights we refer to local RH maxima and minima in the soundings occurring in conjunction with 
the BSL bases and tops, respectively. 
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moisture structure of the TMBL sufficiently so that LES simulations similar to those conducted 
by the GCSS working group adequately represent the key processes occurring in the TMBL. 
This work suggests that it does not. 
 An additional point of concern is the focus on the undisturbed mode of the TMBL for the 
majority of past studies and modeling endeavors investigating the “typical” trade wind 
environment. The undisturbed mode is not the only mode of the TMBL. How different would 
parameterizations based on the disturbed mode be from those based on the undisturbed mode, 
both with and without the incorporation of layered moisture structure and improved moisture 
variability? According to the FADs presented: 
     1) Moisture variability was high on all days, regardless of mode. Vertical RH gradients 
sampled across 350 m intervals ranged from -95% to +60% . 
     2) Low level winds on the disturbed days tended to come from more tropical latitudes than on 
the undisturbed days. 
     3) The disturbed days were generally more moist than the undisturbed days. 
     4) The disturbed days were generally cooler between 2 and 4.5 km than the undisturbed days. 
     5) Directional shear tended to coincide with the top of the moist layer on disturbed days. On 
undisturbed days, the two parameters were not coincident. 
The indication from these findings is that such parameterizations could be quite different. 
Modeling studies need to be carried out to investigate these different environmental scenarios.     
 The analyses presented here also show that the concept of what constitutes the TMBL top 
needs to be reconsidered. The definition of the TMBL top is important, since it currently 
represents a strongly constrained/forced boundary in LES simulations of this environment.  
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In many past studies, the TMBL top was referred to as the tropical inversion. However for the 
RICO data, as discussed in Chapter 4, there were no dominant inversion heights and the 
inversions present were relatively weak if they were present. In practice, the TMBL top is often 
defined by sharp moisture gradients. As revealed by both the dropsonde sets and comparisons of 
soundings with radar BSLs, the sounding determined TMBL top could jump by several 
kilometers (or across one or more BSLs) (Fig. 4.12). The topmost BSL top provides an 
alternative measure to define the TMBL top based on S-band radar. From the statistics presented 
in Chapter 3, we could infer that the TMBL top is generally somewhere between 2850 and 3550 
m. However, given that there were as many as nine BSLs detected above the transition layer 
during RICO and that radar scan elevation angle can limit the topmost BSL detected, it is not 
clear that simply using the topmost BSL at any given time to reflect the TMBL top is a wise 
choice. Alternatively, if one defines the tropical marine boundary layer as the part of the 
atmosphere that is influenced by the ocean’s moisture, then the θe FAD would indicate that the 
top of the boundary layer was typically around 4 km. 
 In conclusion, this dissertation has demonstrated that moisture variability and layered 
structure needs to be incorporated into future work and modeling endeavors for the trade wind 
environment. Assessing the role of TMBL water vapor in global water, radiation, and energy 
budgets require in future that moisture variability be considered. Better incorporation of moisture 
variability and moist layer structure within the TMBL should ultimately lead to a truer 
understanding of the trade wind environment and its role in our atmosphere. 
 
 
 
